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ABSTRACT
For large-scale energy storage application, flow battery has the advantages of decoupled
power and energy management, extended life cycles and relatively low cost of unit energy output
($/kWh). In this thesis, an overview of various flow battery technologies has been presented,
with comparison to other energy storage technologies available in the market. It has been found
that though flow batteries generally have lower energy density than other electro-chemical
storage systems, the easy scalability of energy/power capacity at very low O&M cost enables
flow batteries to be one of the fastest emerging energy storage technologies. The intellectual
property landscape of current flow battery market has also been reviewed. The three dominating
flow battery technologies in the market are Regenesys polysulfide/bromide redox flow battery
(PBR), zinc/bromine battery (ZBB) and all vanadium redox flow battery (VRB). VRB has been
chosen for an in-depth analysis of its design and technology, mainly because of its halogen-free
operation and superior electrolyte properties. A cost model based on VRB system has been built
in the context of Singapore, and the Capital Cost per Cycle (CCPC) for a 250kW VRB system
with 8 hours of discharge duration is estimated to be about $0.0828/kWh. However, this figure
changes considerably with the materials' costs, the design of electrolyte and cell stack, as well as
the power and energy capacity of the system. Based on this cost model, it is also investigated in
this thesis that in view of the current electricity prices, it is economically unfeasible to implement
VRB system for bulk electricity price arbitrage in Singapore.
The VRB-based flow battery system has also been evaluated together with other
technologies, such as solar PV panels for electricity generation, in the implementation models in
group project. The final conclusion is that at current electricity and oil price in Singapore,
implementing "green technologies", such as electricity generation from solar energy with energy
storage system, still faces tremendous financial barrier. Greater government incentives and
higher fossil fuel price volatility are necessary for these green technologies to be viable in the
near future.
Thesis Co-Supervisor: Yet-Ming Chiang
Title: Kyocera Professor of Ceramics
Thesis Co-Supervisor: Andy Chu
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INTRODUCTION
This report is a constituent part of the project entitled "Implementation of Electric Vehicle
System Based on Solar Energy in Singapore" (referred to as the Team Project in this report).
However, this report can also be referred as an independent study on the technological and
economical assessment ofredox flow batteries for energy storage solution.
1.1 Project Background and Objective
1.1.1 Background of the Team Project
On July 11, 2006, Singapore formally acceded to the Kyoto Protocol as an Annex B
country. Although Singapore is not obliged to commit to greenhouse gas emission reduction until
2012, it will have to reduce its absolute CO2 emission based on the 1990 benchmark during the
second phase of the protocol, from 2012 to 2016 [1]. Figure 1.1 shows the total absolute CO 2
emission and the emission intensity in Singapore [2]. It can be seen that the absolute CO2
emission had increased more than 1.84 times from 1990 to 2005, or from 21.5 million tons to
39.6 million tons. The slight decrease on CO 2 emission intensity' is mainly due to the fast growth
in Gross Domestic Product (GDP) in the time span. Therefore, reducing the absolute CO2
emission to 1990 level by 2016 is a challenging task to Singapore.
The major contributors of CO2 emission in Singapore include power generation plants,
industry users of fossil fuels and electricity, transport sector, building and construction sector,
consumers and household usage, etc, as shown in Table 1.1 [2]. In fact, the top three contributors
- power generation, industry and transport - constitute about 98% of the total CO 2 emission in
Singapore in 2005.
In order to meet the Kyoto Protocol's requirement, the Singapore government has
initiated a series of acts to control CO2 emission in the country. Examples include using highly
1C0 2 emission intensity is defined as the CO2 emission from the consumption and flaring of fossil fuel
(oil, natural gas, coal, etc) per thousand dollars of gross domestic product.
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efficient combined-cycle gas turbine for power generation, replacing crude oil with natural gas as
the major source for electricity generation, restricting private car ownership and encouraging
people to use public transport system, etc.
Key:
£ Absolute CO2 Emissions * CO2 Intensity (CO2 emissions per dollar GDP)
Figure 1.1: Singapore's C02 absolute emission and emission intensity from 1990 to
2005
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Table 1.1: Breakdown of C02 absolute emission in Singapore in 2005
1.1.2 Objectives of the Team Project
A sustainable transport system based on electric vehicles and solar energy, with the
objective of reducing the absolute CO 2 emission from the transport sector, will be analyzed in
this project.
Electric vehicles (EV) generally refer to the vehicles that are "propelled by electric
motors powered by rechargeable battery packs". There are several variations of EV and they
include BEV (Battery Electric Vehicle) which runs purely on electricity, HEV (Hybrid Electric
Vehicle) which can run on both gasoline and electricity [3], and PHEV (Plug-in Hybrid Electric
Vehicle) whose batteries can be recharged by connecting a plug to a power source [4]. They will
be collectively named "XEV" in this thesis. As compared to conventional vehicles running on
Internal Combustion Engines (ICE), XEV have major advantages, like less CO2 and exhaust
emission, higher overall fuel efficiency [3], and potentially more economic affordability [5].
In order to make XEV even "cleaner" with less CO2 emission, clean energy source has to
be used to replace fossil fuel as the source for electricity generation. As a tropical island country
located almost on the Equator, Singapore has abundant solar radiation throughout the year. In
comparison with other renewable energy sources, solar energy has been identified as the first
alternative to fossil fuel in Singapore. Furthermore, Singapore government is committed to
promote solar industry in the country for the next a few decades. Since 2006, a total of S$350
million has been streamed into clean energy research with solar technology as the focus [6].
Several major solar technology companies, such as REC [7], Solar World [8] and Oerlikon [9],
have started to build their manufacturing plants or open their regional business hubs in Singapore.
By 2015, the clean energy industry is expected to contribute a total of S$1.7 billion to
Singapore's Gross Domestic Product and create about 7,000 new jobs [6]. Therefore, developing
solar energy for XEV system in Singapore is economically, environmentally and politically
favorable.
In this Team Project, four of us - Xiaogang Liu, Haitao Fu, Li Sun and I - will evaluate
the feasibility of introducing this XEV model into Singapore based on solar energy as the source
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of electricity. Our tasks will encompass independent technical and market assessment of the key
technologies involved in this model. Moreover, we will construct integrated XEV
implementation models as a group.
Individually, Liu will be examining solar thermal technology for electricity generation;
Sun will look at solar photovoltaic (PV) for electricity generation; Fu will focus on the battery
technologies for XEV; I will evaluate flow batteries for the energy storage solution. For
reference, the individual work can be found in our respective thesis.
1.2 Objective of the Thesis
Since the installation of the very first large-scale energy storage (of 31MW) by pumped
hydro in the U.S. in 1929, the demand for energy storage from grid-system to off-grid
applications has been increasing. In Year 2000, there was about 3% of the total power delivered
in the US grid system (about 18,000MW) that is supplemented by the energy storage system [10].
Off-grid applications, such as telecommunication system, IT infrastructure support, electric
vehicles and many other systems not directly connected to the central grid system, have pushed
up the demand for distributed energy storage.
There are many benefits of using energy storage system. A few important ones include:
minimizing economic losses by shaping power output, reducing burden on power generation
capacity during "peak-hours" and improving power supply quality; arbitraging bulk electricity
price by storing cheaper "off-peak" electricity for later use when the price is high; utility
ancillary services which mainly include spinning reserve 2 [11] and regulation control [12].
A comprehensive listing of the benefits of energy storage is shown in Table 1.2 [13].
Along with the description of each benefit, the table also shows required discharge duration,
lifecycle benefit per kW of storage, estimated market potential and the total economic benefit in
ten-years in California
2 "Spinning reserve" power in utilities is typically equal to the power output of the largest generating unit in
operation in the power plant.
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Table 1.2: Summary of Energy Storage Benefits and Market Potential in California.
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Renewable energies have played increasing important roles in the energy market today.
With storage system, the value of electricity generated from renewable energies can be enhanced
in at least three ways. Firstly, most of the renewable energy resources are intermittent, meaning
they are not stable in supply; storage can firm the power output from the renewables, so that
electricity can be supplied when needed. Secondly, electricity generated from renewable
resources during "off-peak" hours when the price is low can be stored; the stored electricity can
then be sold when the price is high, so that potential profits can be made by the electricity price
arbitrage. Lastly, the storage system can be "filled-up" with electricity generated from renewable
resources as well as from the grid - because the unreliable renewable supply cannot fully charge
the storage system sometimes; this allows for optimal asset utilization and increased revenue
generation.
In the Team Project, solar energy, including solar thermo and solar PV technologies, will
be the renewable energy in discourse. This thesis, as part of the Team Project, will aim to
evaluate the feasibility of implementing energy storage system for solar energy.
Technically, energy storage can be realized using different technologies (more in Chapter
4); flow battery system has been identified for evaluation; more specifically, vanadium redox
flow battery (VRB) is chosen for evaluating its technical performances. Economically, cost-and-
benefit analysis of having a VRB-based energy storage system will be carried out in different
business models; based on the analysis outcome, we will know the feasibility of implementing a
storage system for solar energy in Singapore.
1.3 Organization of the Thesis
In Chapter 2, the working principles, common features and the major chemistries of flow
batteries will be reviewed. In Chapter 3, the current market and the intellectual property
landscape for the major flow battery technologies will be examined. Several competing
technologies in energy storage system will be briefly examined in Chapter 4, and they are
classified into three major categories according to their storage mechanisms: electrochemical,
direct electric and mechanical storage systems. In Chapter 5, vanadium redox flow battery
technology is chosen for assessing the battery development over the years, system configuration
and construction, as well as its technical performances. In Chapter 6, detailed analysis of battery
design, cost and feasibility study of bulk electricity arbitrage using VRB system will be carried
out. This is followed by building business models for different applications in the context of
Singapore in Chapter 7. These business models are not only related to the flow battery
technology, but also leverage on the technologies such as Li-ion batteries for electric vehicles,
solar photovoltaic (PV) and solar thermal technologies. More specifically, the business models
include battery swapping station for electric vehicles, private car model, car park charging
system for electric vehicles, as well as solar-to-grid applications. Final conclusions for the whole
project will be drawn in Chapter 8.
CHAPTER 2. TECHNOLOGY REVIEW OF FLOW BATTERY
SYSTEM
In response to the need of bulk energy storage for base load power generation, redox flow
battery technology was first invented by Dr. Lawrence H. Thaller at NASA in the early 1970s
under the U.S. government sponsorship [14]. Since then, flow battery technology has been
evolving over years in terms of battery chemistries, cell design and manufacturing. In this
chapter, the general technical features of flow batteries will be discussed, followed by an
overview of different battery chemistries.
2.1 Overview of Flow Battery Technology
Since its invention, flow batteries have been mainly applied to large-scale
electrochemical energy storage. Multi-kWh and MWh storage plants based on flow battery have
been built around the world.
2.1.1 Components
Flow battery is a form of rechargeable electrochemical battery in which electrolytes
containing dissolved reactants in their reduced or oxidized states are stored in tanks external to
the cell stacks and circulated between tanks and electrodes within the cell stack by mechanical
pumps.
A schematic of a unit flow battery is shown in Figure 2.1 [15]. The cell stack contains
electrodes which serve as the redox reaction sites for active species in electrode and they are
connected to outside power source/load. The cell stack (labeled as "regenerative fuel cell" in
Figure 2.1) is divided into two compartments, each of which is connected to an external storage
tank and a pump. The two compartments are separated by an ion-selective membrane which only
allows certain charge-balancing ions to pass through, preventing the reactive species from
mixing together. The electrolyte can be circulated inside the battery, back-and-forth between
storage tanks to cell stacks, by the mechanical pumps. Power conditioning system (PCS), which
mainly contains DC/AC or AC/DC inverters, connects the external power source and load to the
electric circuits of cell stacks during charging and discharging, respectively.
Figure 2.1: Schematic of a Unit Flow Battery
(Source: Prudent Energy Inc. company website)
2.1.2 Working Principle
The electrolyte in each external storage tank contains a couple of reactive species; it is
circulated between the tank and the cell stack. While reduction/oxidation reaction takes place on
the electrode in one compartment, oxidation/reduction reaction occurs in another compartment
during charging or discharging process. During charging process in which an external power
source is applied to the cell stack, electrical energy is converted into chemical energy and is
stored in the form of electro-chemical potential difference between the two half cells. During
discharging process in which a load is applied, chemical energy is converted into electrical
energy. The electro-chemical potential difference between the two half cells will determine the
power output of the cell. This charging and discharging processes are illustrated in the chemical
equations in Figure 2.2.
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Figure 2.2: Typical redox reactions during charging and discharging processes in a
flow battery
2.1.3 Design Considerations
There are a few important design considerations for a flow battery:
(1) The electrode reactions must be reversible. Both the oxidized and reduced species
must be soluble with their electro-chemical potentials as far apart as possible so as to maximize
the output open-circuit voltage.
(2) The electrolytes must be chemically stable at room temperature, and they must have
relatively high solubility of the redox species.
(3) The ion-selective membrane must be semi-permeable, allowing the transport of non-
reactive species to maintain the neutrality in electrolyte and disallowing the transport of reactive
species to prevent contamination.
(4) In order to scale-up the power capacity of the flow battery system, individual cell can
be stacked in either parallel or series fashion. Bipolar cell-stacks (using bipolar electrodes) are
usually used to improve the uniformity of current density in individual cells, hence enhancing the
battery performance and lifetime. Figure 2.3 shows the bipolar stacking of individual flow
battery cells [13]. It should be noted that the electrolyte passes through all the cells in parallel.
Umtbrte I.
Figure 2.3: Bipolar stacking of four flow battery cells with bipolar-electrodes
2.1.4 Advantages
Based on the general design, flow batteries have several important advantages over
conventional batteries:
(1) They have flexible design in which the power and energy capacities are decoupled.
The power capacity is mainly determined by the electrode's power density (W/m2), total
electrode surface area, and the number of unit cells stacking together; the energy capacity, on the
other hand, is determined by the electrolyte's energy density (Wh/L or kW/kg), the electrolyte's
molar concentration and the volume of external tanks. Hence, we can simply increase the energy
capacity by adding tanks and electrolyte, and increase power capacity by stacking more cells. For
conventional batteries, there is often trade-offbetween the power and energy ratings.
(2) They usually have long cycle life. The active species in flow batteries are reactive ions
in liquid electrolyte and the redox reactions take place on the surface of electrodes, so there is
little degradation effect to electrodes at full charging or discharging. Furthermore, the electrolyte
is always circulated in sealed compartments, so there is negligible loss of electrolyte over years.
The ion exchange membrane is usually the limiting factor of a flow battery's lifetime (about
10-15 years); but it can be replaced at relatively low cost to extend the cycle life. For
conventional batteries, on the other hand, electrodes participate in the chemical reaction, and
they suffer from thermal mechanical stress, resulting in shortened lifetime.
(3) They can have inherent active thermal management. The liquid electrolyte circulating
between cell stacks and external tanks can act as a natural coolant to effectively bring away the
heat generated by redox reactions in the cell stack. This elongates the lifetime of battery
components. In conventional batteries, passive heat management is usually used in which heat is
dissipated through the case, resulting in higher temperature within the battery and hence reducing
the lifetime of battery.
(4) They usually have higher DC round-trip efficiency than conventional batteries,
because flow batteries often operate between lower states of charge (from 20% to 80% SOC).
(5) The electrolyte in flow batteries can be managed at system level. More specifically,
the electrolyte in flow batteries can be monitored and managed for the entire system of many
stacked cells at once, because all the cells share the same circulating electrolyte. By doing so, all
the cells in the system will have the same SOC and the uniformity of cell performance can be
ensured. This can be seen from Figure 2.3. Whereas in conventional batteries, the electrolyte is
not shared among cells, so it has to be managed at cell level for its volume and concentration.
This management at cell-level is more costly.
2.1.5 Disadvantages
Alongside with the advantages, flow batteries also have a few noticeable disadvantages:
(1) They tend to have higher initial capital cost and more complexity in design. Piping,
pumps, external storage tanks, and auxiliary equipment such as heat exchangers can potentially
push up the initial cost and later the replacement cost. The design complexity is also increased.
(2) They tend to have higher operating cost. The power used by pumps to circulate
electrolyte during charging and discharging can be a parasitic load to the battery and add to the
over-head-cost of operation.
(3) They tend to have certain amount of shunt currents. This is because in bipolar
stacking arrangement, electrolyte usually flows in a parallel fashion to individual cells connected
electrically in series. The difference in concentration and flow rate of electrolyte at individual
cells can cause shunt currents between cells. This results in reduced overall battery efficiency,
and may lead to hydrogen and oxygen evolution (hydrolysis) in cells near the ends of the stack
[16]. In order to reduce the shunt current, the electrolyte should circulate faster in the battery;
however, this would increase the parasitic load from pumps.
(4) The electrolyte offlow batteries tends to leak, unless the battery system is designed
very carefully. This is because of the external storage and pumping system involved.
(5) They tend to have limited energy density and power density. The limited energy
density is mainly due to the limited solubility of active materials in electrolyte solvents. The
limited power density is mainly due to the limited compartment volume in cell stacks which only
contains a small portion of all the electrolyte.
Overall, the advantages of flow batteries outweigh their disadvantages. Especially from
the life-cycle-cost perspective, flow battery is one of the best choices for utility electricity
storage when the discharge durations exceed five hours. This has lead many industrial users
around the world to develop flow batteries for large-scale energy storage applications.
2.2 Flow Battery Chemistries
The early work on flow battery mainly involves zinc/chlorine. After a few decades'
development, the battery chemistries cover a wide range of electrolyte species, mainly including
polysulfide/bromide, zinc-based redox-chemistries, iron-based flow batteries, soluble lead-acid
battery and vanadium-based redox-chemistries. In this section, a brief overview of the major
flow battery chemistries will be presented.
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2.2.1 Polysulfide/bromide
Polysulfide/bromide redox flow batteries (PBR) are based on a reversible reaction
between two salt solution electrolytes, sodium bromide (NaBr3, NaBr) and sodium polysulfide
(Na 2 S 2, Na 2S 4 ).
During charging cycle, bromide ions are oxidized to bromine and complexed as
tribromide ions; sulphur present as polysulfide anions are reduced to sulfide ions. The half cell
reactions are:
3NaBr -* NaBr 3 + 2Na + + 2e (positive side)
Na2 S4 + 2Na+ + 2e -- 2Na 2S2  (negative side)
During discharging cycle, the reduction/oxidation reactions are reversed:
3NaBr <-- NaBr 3 + 2Na + 2e Eo = +1.09V versus SHE3  (positive side)
Na2S4 + 2Na+ + 2e +- 2Na 2S2  Eo = -0.265V versus SHE (negative side)
The ion-selective membrane allows exchange of Na+ to provide current flow and
maintain electro-neutrality; but it disallows transport and mixing of sulfide and bromide ions.
The open circuit potential of a unit cell is about 1.5V, depending on the electrolyte concentration;
the overall energy efficiency is limited by the internal ohmic resistance to 77.2%, at current
density of 40mAcm-2 and cell power density of 56mWcm -2 [17]. Figure 2.4 shows the cell
voltage variation during charge/discharge cycle for a Regenesys cell. Steep discharge curve and
short discharge duration are observed.
3 SHE: Standard hydrogen electrode. The redox electrode potential (EO) of hydrogen-based half cell reaction 2H'(aq)
+ 2e -- H2(g) is declared to be 0 at all temperatures. It forms the basis of comparison with all other electrode
potentials.
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Figure 2.4: Charge/Discharge characteristics of Regenesys system at current density of
40mAcm-2 [17]
The major challenge to successful implementation of PBR system is the quality control of
ion-selective membrane. Cross-contamination between different electrolytes from the two
compartments can take place over a period of time. No ion-selective membrane can be 100%
effective, and sulfide- and bromide-based electrolytes can potentially mix to precipitate sulphur
and change the composition of the electrolytes. Furthermore, it is possible to form sulphur
deposition on the membrane over some time; H2S(g) and Br 2(g) may also be formed over time
[17].
The PBR system has been developed in the past decade under the brand name
Regenesys®. In 2004, Regenesys stopped the development of PBR, and this technology is
acquired by VRB Power Sytem 4 since then [18].
4 VRB Power Systems Inc, a Canada based company. It has been acquired by Prudent Energy Inc, based in Beijing
(China) on Jan 29th, 2009. (Source: Prudent Energy company website.)
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2.2.2 Zinc-based flow batteries
Zinc (Zn) is regarded as the highest energy couple component that can be cycled in a
flow battery at room temperature, so it is commonly used as the reactive species in electrolyte.
Zinc can couple with a number of elements to exhibit various energy storage capacities, though
all of them have their own limitations. For example, zinc/carbon is relatively cheap and
environmentally friendly, but the power-to-weight ratio is very poor; zinc/silver and
zinc/mercury oxide have high power-to-weight ratios, but they are environmental hazardous and
economically prohibitive, respectively; zinc/nickel, zinc/copper and zinc/manganese can offer a
range of desired characteristics, but they all suffer from either environmental problems with
manufacturing/disposal, low power-to-weight ratio, or low open circuit voltage; zinc/air (or
zinc/oxygen) is another viable option because of its high power-to-weight ratio, but it is not
suitable for small/medium consumer products because of its mechanical complexity and
potential leakage [19]. Zinc/halogen (zinc/bromine especially) is commonly used for load
leveling, and zinc/cerium is claimed to have very high energy density by Plurion - both these
two chemistries will be discussed in the following subsections.
2.2.2.1 Zinc/Bromine
Zn/Br redox flow battery is known for its high energy density, high open circuit voltage,
high degree of reversibility, abundance and low cost of reactant materials. Unlike most flow
batteries with aqueous electrolytes in both reduced and oxidized states, in Zn/Br, Zn is solid
when charged but dissolved when discharged; bromine is always dissolved in aqueous form.
Both electrolytes are aqueous solutions of zinc bromide (ZnBr2) with different concentrations,
and the differences in zinc ion and bromide concentrations must be maintained between two
compartments at all time.
During charging cycle, Zn is deposited onto the negative electrode as solid; Br 2 is formed
in aqueous solution and reacts with bromide ions to form polybromide complex at the positive
electrode. The half cell reactions are:
3Br -* Br3-(aq) + 2e (positive side)
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Zn2+(aq) + 2e -- Zn(s)
During discharging cycle, the reactions are reversed:
3Br- <-- Br 3 (aq) + 2e
Zn2+(aq) + 2e -- Zn(s)
EO = +1.09V versus SHE
EO = -0.67V versus SHE
(positive side)
(negative side)
In order to maintain the concentration difference in zinc ions and that in bromide ions, an
ion-selective membrane is used. It allows the passage of zinc and bromide ions, but disallows
elemental bromine or polybromide complex to pass through. Complexing agents, such as
quaternary ammonium salt, are added to electrolyte to cause polybromide ions to form low-
solubility liquid phase. Electrolyte circulates between tanks and cell stacks to quickly remove the
polybromide from the positive electrode and store it separately. This process reduces the bromine
concentration in the positive electrolyte, hence minimizing the risk of electrolyte crossover and
preventing self-discharge. Circulating electrolyte also reduces the tendency for zinc to form
dendrites on the negative electrode which may result in crossover. Figure 2.5 shows that Zn/Br
cell has stable output voltage for about ten hours during discharge.
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(negative side)
The major challenges for Zn/Br flow battery include high cost of electrodes (Zn),
materials corrosion by bromine and Zn dendrite formation at negative electrode during charging.
Furthermore, Zn/Zn2+ reacts faster than Br 2/Br', causing polarization and battery failure. In order
to overcome this problem, a larger negative electrode area made of carbon is usually used.
However, carbon can be gradually oxidized over time [17].
The overall energy efficiency of Zn/Br is about 80% with two carbon electrodes. Its
voltage efficiency is over 80% at current density of 30mAcm 2 , but drops to 45% at 100mAcm-2
[17]. Today, the only major developer of Zn/Br flow battery in the market is the ZBB Energy
Corporation from the U.S.
2.2.2.2 Zinc/Cerium
Similar to Zinc/bromine flow battery, Zinc/cerium flow battery has an active species that
is in both ionic (Zn2+ in a salt with an anion of an organic acid) and non-ionic (Zn solid on
negative electrode) forms. Cerium takes two ionic forms, Ce3+ and Ce4+, both in a salt with an
anion of an organic acid. Usually the organic acid electrolytes in the positive and negative
compartments are obtained by complexing anion of methane sulfonic acid (MSA-) with
Ce3+/Ce 4+ and Zn2+, respectively [19].
During charging cycle, Zn2+ is reduced to solid and deposited onto the negative electrode;
Ce3+ is oxidized to Ce4+. The half cell reactions are:
Zn 2+ + 2e -+ Zn(s) (negative side)
2Ce3+ -- 2Ce4+ + 2e (positive side)
During discharging, the reverse half cell reactions take place:
Zn2+ + 2e -- Zn(s) EO = -0.67V versus SHE (negative side)
2Ce 3+ <-- 2Ce4+ + 2e Eo = +1.50V versus SHE [20] (positive side)
The open circuit voltage for Zn/Ce unit cell is about 2.5V during charging and 2V during
discharging [17]. Zn/Ce technology is solely developed and patented by Plurion Systems Inc.
The current density of 500mAcm 2 at which unit cell operates has been claimed by the company
[21].
2.2.3 Iron-based flow batteries
Iron-based flow batteries mainly include iron/tin, iron/titanium and iron/chromium
couples. However, almost all of them suffer from low open circuit voltage (Voc) and low power
density on electrode. For instances, iron/tin has Voc of 0.62V and power density smaller than
200W/m 2; iron/titanium has Voc of 0.43V and power density smaller than 200W/m2;
iron/chromium has Voc of 1.07V and power density smaller than 200W/m2 [22]. Therefore, there
are no players developing and operating iron-based flow battery in the market today. In this
section, only Fe/Cr will be elaborated.
2.2.3.1 Iron/Chromium
In Fe/Cr redox flow battery system, the electrolytes in the positive and the negative
compartments are obtained by mixing hydrochloric acid with Fe3+/Fe 2+ and Cr3+/Cr 2+,
respectively.
During charging cycle, ferrous ions (Fe2+) are transformed to ferric ions (Fe3+) at positive
electrode; chromic ions (Cr 3+) are transformed to chromous ions (Cr 2+) at negative electrode. The
half cell reactions are:
Fe2+ -- Fe3+ + e (positive side)
Cr 3+ + e -- Cr2+  (negative side)
During discharging cycle, the half cell reactions are reversed:
Fe2+ <-- Fe3 + e EO = +0.77V versus SHE (positive side)
Cr3+ + e - Cr2+ E = - 0.41V versus SHE (negative side)
Either a cationic or an anionic ion-selective membrane can be used in the Fe/Cr flow
battery. In both cases, the iron and chromium ions are prevented from passing through the
membrane, whereas chloride and hydrogen ions are allowed to be exchanged. This is to complete
the electrical circuit and maintain the electro-neutrality.
As mentioned before, Fe/Cr has the disadvantages of low Voc and low power density on
electrode (W/m2). In order to overcome these shortcomings, different electrode designs are
explored. For example, the electrodes can be designed using carbon fibers which is reported to
give a 100% columbic efficiency5 when carbon fibers change from amorphous to graphite [23].
Carbon felt can also be used as electrodes for Fe/Cr system, with trace of catalyst (such as lead
or gold) deposited on the negative electrode to increase the reduction rate of chromium on
carbon which is comparatively slower than the reaction rate of iron on carbon. The Voc of using
carbon felt electrode can reach 1.2V at 100% SOC [24].
2.2.4 Soluble lead-acid battery (undivided)
This flow battery system is based on electrode reactions of Pb2+ in acidic electrolyte, such
as hydrochloric acid (HC1), tetrafluoroboric acid (HBF4), perchloric acid (HC10 4) and
methanesulfonic acid (MSA). Pb 2+ is highly soluble in aqueous MSA. This system also differs
from most other flow battery systems in a sense that it has only one compartment ("undivided")
without any ion-selective membrane. This reduces the materials cost significantly, as the
membrane usually constitutes a significant portion of the total material cost. The electrolyte
usually contains sodium ligninsulfonate 6 as an additive to prevent Pb(s) dendrite formation on
negative electrode and improve the kinetics of Pb 2+/PO2 on positive electrode. Inside the
undivided compartment, the positive and negative electrodes are made of reticulated vitreous
carbon and reticulated nickel, respectively, pressed onto the back plate current collectors [17].
During charging, the soluble Pb2+ is precipitated onto the negative electrode; Pb 2+ is
converted to PbO2 complex at the positive electrode. The half cell reactions are:
s Columbic efficiency is a measure of how much useable energy is available during discharging compared with the
energy used to charge the cell.
6 For more reference on ligninsulfonate, please refer to http://www.stormmountain.net/Lignin%20Sulfonate.pdf.
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Pb 2+ + 2H 20 - PbO2 (s) + 4H + + 2e
Pb 2+ + 2e - Pb (s) (negative side)
During discharging, the half cell reactions are reversed:
Pb 2+ + 2H 20 -- PbO2 (s) + 4H+ + 2e EO = +1.46V versus SHE (positive side)
Pb2+ + 2e -- Pb (s) Eo = -0. 13V versus SHE (negative side)
The charge and energy efficiencies 7 at a current density of 20mAcm-2 are 79% and 60%
respectively; whereas at 40mAcm-2 , they are 65% and 46%, respectively [17].
2.2.5 Vanadium-based flow batteries
Vanadium (V) has become an increasingly popular choice for active reactant in flow
battery electrolyte, because it is stable in an unusually large number of oxidation states: V2+, V3+,
V4+ and V5+.The all vanadium redox flow battery (VRB) makes use of all the available oxidation
states of vanadium, and it has been named as the Generation 1 (GI) VRB [25]. The
vanadium/bromine technology, solely licensed to V-Fuel Pty Ltd, is claimed to be the Generation
2 Vanadium Bromine Redox Battery (G2 V/Br). Both of these two technologies will be reviewed
in this section.
2.2.5.1 All vanadium redox flow battery (VRB)
The VRB flow battery operates based on electron transfer between different ionic forms
of vanadium which are always soluble in acidic electrolyte. Graphite felt electrodes are generally
used. Electrolyte is made of mixing sulfuric acid with ionic vanadium at appropriate acidity.
V 2+/V 3+ are used in the negative half cell, while V5+/V4+ are used in the positive half cell. A
proton exchange membrane is used to allow only hydrogen ions to pass through, so as to
complete the electrical circuit and maintain the electro-neutrality.
7 Charge efficiency is the ratio of electrical charge used during discharge compared to that used during charge;
Energy efficiency is the ratio of emerge between discharge and charge processes.
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(positive side)
During charging cycle, the half cell reactions are:
VO 2 + + H20 -- VO 2+ + 2H+ + e (positive side)
V3+ + e - V 2+ (negative side)
During discharging cycle, the above half cell reactions reversed:
VO2+ + H20 -- VO2+ + 2H+ + e EO = + 1.00V versus SHE (positive side)
V3+ + e - V2+  Eo = - 0.26V versus SHE (negative side)
The VRB generally has Voc of about 1.26V. In order to produce a large voltage output,
unit cells can be stacked as explained in Section 2.1.3. The overall energy efficiency depends on
the ion-selective membrane used in the VRB system. For example, using a polystyrene sulfonic
acid cation selective membrane in a 1.5mol/dm 3 vanadium electrolyte, at current density of
40mAcm-2, the columbic, voltage and overall energy efficiencies are 90%, 81% and 73%,
respectively [26].
The major company that operates and develops the G1 VRB system is VRB Systems Inc
which has been acquired by Prudent Energy Inc (China) in Jan 2009. This VRB system will be
used for the actual cost modeling and business model implementation later. More details about
the technical performances of this VRB system will also be presented in Chapter 5.
2.2.5.2 Vanadium/bromine
The Gl VRB system discussed before has its limited specific energy density of
electrolyte at 25-35Whkg-', because of limited solubility of V2+ and V3+ in sulfuric acid at about
2mol/dm3. Hence, the G2 V/Br system has been explored.
During charging cycle, the half cell reactions are:
VBr3 + e -, VBr 2 + Br- (negative side)
2Br + Cl - ClBr2" + 2e (positive side)
During discharging cycle, the above half cell reactions are reversed:
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EO = - 0.26V versus SHE
2Br + Cl <-- ClBr 2 + 2e EO = + 1.09V versus SHE (positive side)
It has been shown by Magnam Technologies Pty Led, the principal shareholder of V-Fuel
Pty Ltd, that the energy density of electrolyte can reach 50Whkg-' using 3-4mol/dm3 vanadium-
bromide solution [27]. V/Br system also uses the same electrolyte in both the half cells, so there
is little concern about electrolyte crossover causing contamination, same as the VRB system [28].
The self-discharge rate is low for V/Br system and the columbic efficiency can reach to about 92%
depending on the quality of ion-exchange membrane [29].
Another variant of V/Br system is the vanadium/polyhalide system, in which polyhalides
are produced by the reaction between halide ions and halogen molecules in the electrolyte [29].
Polyhalide represents higher oxidation potential. At charge/discharge current density of
20mAcm 2 , the columbic and voltage efficiency of the vanadium/polyhalide system can reach 83%
and 80%, respectively [17].
2.3 Summary
"Flow battery" and "redox flow battery" are used interchangeably in this thesis. The word
"redox" is abbreviated from "reduction-oxidation" which represents the chemical reactions
taking place simultaneously in the two half cells. Table 2.1 show s a summary of the redox
couples discussed in this section as well as a few other redox chemistries proposed by
researchers for flow battery applications 8 [30, 31] .
8 The redox potentials are assumed to be at standard conditions.
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(negative side)VBr3 + e <-- VBr2 + Br"
Table 2.1 : Summary of important possible chemistries for electrolyte in flow battery
applications
9 Assuming that electrolyte is in sulfuric acid (H2S04) medium.
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CHAPTER 3. INTELLECTUAL PROPERTIES AND MARKETS OF
VARIOUS FLOW BATTERY CHEMISTRIES
There are many redox couples capable of being used as electrolyte in flow battery as being
discussed in Chapter 2. However, after a few decades of R&D and commercialization, most of
the redox couples have been abandoned for various reasons. For example, iron-based redox
couples, including iron/tin, iron/titanium and iron/chrome as discussed in Chapter 2, have been
abandoned by market players for their low output voltages (Voc) and low power densities of
electrodes [22]. Technologies based on polysulfide/bromide, zinc/bromine and
vanadium/vanadium redox couples are dominating today's flow battery market. Emerging
technologies include lead-acid (undivided), zinc/cerium, etc. An overview of the flow battery
market with emphasis on intellectual properties (IP) will be presented in this Chapter.
3.1 Major Players in the Market
3.1.1 Zinc/Bromine
The first patent on zinc/bromine redox flow battery was issued in 1885 [32]. However,
the development on zinc/bromine technology has been relatively slow, mainly because of two
intrinsic properties of the reactants that hinder the wide applications. Firstly, the zinc is reduced
to solid and deposited onto the negative electrode during charging cycle; zinc tends to form
dendrites on charging which can potentially cross the electrolyte and connect the opposite
electrodes. Secondly, bromine is a toxic chemical and it is highly soluble in aqueous electrolyte;
this may lead to electrolyte crossover and mixing of electrolytes from two half cells.
In 2007, there are about ten companies doing related business, but ZBB Energy
Corporation dominates the market of zinc/bromine flow batteries. ZBB Energy was initially
formed by a research group from the Murdoch University in Perth (Australia). It bought over the
zinc/bromine technology developed by Exxon and Johnson Controls. Today, its research and
development is still in Australia, while its manufacturing and operating headquarter resides in
Wisconsin. ZBB technologies have developed a number of battery modules, whose energy
capacity ranges from 50kW-h to 500kW-h for different applications. ZBB Energy's target
markets for zinc/bromine flow battery include: (i) transmission and distribution (T&D) deferral,
in which the energy storage system can both store and supply real and capacitive power at areas
where the T&D investment has to be deferred; (ii) wind energy output stabilization in a grid
system where the wind energy constitutes a significant portion of the total power output; (iii)
energy reserve for remote places where small grid system is susceptible to sudden changes to
power demand and unexpected failure of power shutdown. A few important field tests of
zinc/bromine flow battery by ZBB Energy include the 400kWh system in Detroit, Michigan, and
in Melbourne, Australia, and 50kWh system with solar PV system for uninterrupted power
supply (UPS) [33].
Another active market player for zinc/bromine flow battery is the Premium Power
Corporation (PPC). In 2002, PPC bought the zinc/bromine technology from Powercell
Corporation. Currently, PPC is marketing two products: Powerblock 150 (150kWh energy
storage) and Zinc flow 45 (45kWh energy storage) [34].
Other notable companies that have done related development of zinc/bromine flow
battery but have not maintained a high level of activities include: Energy Research Corporation
(spun off its battery development group in 1993), Exxon, Gould, Inc., Johson Contols, Inc (sold
its Zn/Br technology to ZBB in 1994), Meidensha, Powercell Corporation (bankrupt in 2002 and
its technology purchased by Premium Power), Toyota Motor Coporation and Studiengesellschaft
fur Energiespeicher und Antriebssysteme (became a part of Powercell in the 1990s). [13]
3.1.2 Polysulfide/Bromide
Since early 1990s, polysulfide/bromide redox flow battery (PBR) has been developed and
marketed under the name of Regenesys, a product of Regenesys Technologies Ltd (UK).
However, the original work on polysulfide bromide chemistry was developed by Ralph Zito
(U.S.), an independent researcher from North Carolina who assigned his rights on the PBR
invention to Regenesys Technologies Ltd (RTL in short) in the early 1990s. At the same time,
RTL was also developing this technology themselves. For example, it contracted with
universities in the U.K. to further develop the chemistry of PBR; it also collaborated with
DuPont on ion-selective membrane development; it acquired Electrosynthesis, an engineering
company from New York, to help develop cell stack. [35] Together with Innogy, RTL developed
its first installation site at the Little BarfordPower Station in the U.K. This energy storage plant
has the capacity of 10MW/100MWh and is mainly used for energy arbitrage [13].
In 2004, RTL stopped its development of the PBR technology and sold it to VRB Power
Systems (Vancouver, Canada) before VRB's acquisition by Prudent Energy Inc (China) in 2009
[36] [15]. Therefore, Prudent Energy is the sole operator of PBR technology in the market today.
However, the market focus of Prudent Energy Inc is on VRB technologies, so the development
on PBR has not been significant today [37].
3.1.3 VRB
The origin of VRB was dated back in the 1970s when Dr. Lawrence H. Thaller at NASA
invented the redox flow battery based on iron/chromium [38]. His invention inspired the research
and development of vanadium based redox flow batteries lead by Professor Maria Skylla-
Kazacos at the University of New South Wales (UNSW) at Sidney (Australia) in 1984 [35]. The
work at UNSW mainly focused on vanadium/vanadium flow battery technology, electrolyte
stability at high concentration and production of electrolyte from raw materials [37]. In 1998, the
IP rights of VRB were sold to Pinnacle VRB Ltd (Melbourne, Australia) by UNSW. Sumitomo
Electric Industries (Osaka, Japan) also obtained a license from Pinnacle VRB by acquiring the
Electro-Technical Laboratories (ETL), and developed VRB independently by designing the cell
stack and the integrated system. In 2001, Pinnacle VRB was acquired by VRB Power Systems Inc
(Vancouver, Canada)1o. Since then, VRB Power Systems then claimed worldwide patents related
to vanadium redox batteries, and it also acquired an exclusive worldwide license, except for
Japan, to all the VRB-related technologies, including those developed independently by
Sumitomo Electric Industries [37]. In 2005, Pinnacle VRB was spun off from VRB Power
Systems as a separate entity with right to develop VRB technologies for the Australian market
[37].
Therefore, in today's VRB market, Sumitomo and VRB Power are the major suppliers.
VRB Power also holds several key patents previous owned by Pinnacle VRB. These include
10 Previously Vanteck Technology Corporation.
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patents related to the use of vanadium in VRB, such as bipolar plates, sulfuric-acid based
electrolyte formulae with high concentration of vanadium sulfate in solution without
precipitation. Apart from Pinnacle VRB's patent, VRB Power and Sumitomo also own separate
VRB-related patents themselves. Sumitomo and VRB Power are both competitors and strategic
partners to each other: Sumitomo has developed important stack manufacturing expertise and
capacity; VRB Power has important alliance with the major vanadium suppliers in the world,
Highveld Steel and Vanadium Corporation (South Africa) [13].
Major projects completed by VRB Power Systems include: 250kW-8hr system in Castle
Valley, Utah in 2003 for power shaving and T&D deferral, 2MW-6hr VBR system in Donegal,
Ireland in 2007 for reducing the intermittency effect of wind generation to the grid [37]. In Jan
2009, VRB Power Systems was acquired by Prudent Energy Inc (Beijing, China). Prudent
Energy claims to own over 15 patents issued in 24 countries, and it is also the licensee of several
Regenesys TM patents. A few selected patents include Stabilized vanadium electrolyte solutions
for all-vanadium redox cells and batteries (#6562514), Telecommunication System Incorporating
Vanadium Redox Battery Energy Storage System (#7181183), Method for Retrofitting Wind
Turbine Farms (#7227275), etc. [39]
Beside VRB Power Systems and Sumitomo Electric Industries, there are a few other
companies developing VRB-related technologies. For example, Squirrel Holdings Ltd (Thailand)
has been developing vanadium-based fuel cells using locally-grown agricultural crops as the fuel
since 1995. This technology was then licensed to Cellenium Company Ltd (Thailand) for
commercialization in Thailand. The technologies developed by Celleniums have their uniqueness
in the following ways: (i) electrolyte flows in series through the cell stack to reduce shunt current
and ensure equal flow rate (more information in Section 4.2.1); (ii) a new technique for
dissolving vanadium pentoxide (V20 5) in acid to prepare electrolyte (more information in
Section 4.2.2); (iii) a non-storage vanadium technologies that is capable of converting biomass
into electricity [37].
V-fuel Pty Led (Australia) is another company that is owned by the inventors of VRB in
UNSW and it claims worldwide ownership of G2 V/Br 1' license. Products from V-fuel include
1 Please refer to section 2.2.5.2 for details about G2 V/Br.
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bipolar electrode materials and redox fuel cell sack with 0.5kW to 5kW power output for
research and testing purposes [37].
A few Chinese companies have also been involved in developing and commercializing
VRB technologies [40].
3.1.4 Zinc/Cerium
Zinc/cerium redox flow battery technology is relatively new and Plurion Systems is the
only developer and license owner of this technology. After a decade of research and
development since the early1990s, Zn/Ce technology has started to be used for application in
2000 [35].
3.2 Summary of the IP Landscape
Table 3.1 shows a summary of IPs of the major flow battery chemistries in the market
today [41].
Table 3.1: Summary of the IP Landscape of Dominant Flow Battery Technologies in
the Market in 2007
It can be seen that VRB technology is being developed by most companies around the
world. Moreover, VRB is one of the most widely field-tested flow battery technologies today.
For instances, the major filed demonstration projects of VRB include PacifiCorp Castle Valley
project (250kW for 8 hours, by VRB Power), King Island project (200kW for 4 hours, by VRB
Power), NEDO project (170kW for 6 hours, by Sumitomo Electric), Subaru project (4MW for
1.5 hours, by Sumitomo Electric), and Some Hill Wind Farm project (2MW for 6 hours in initial
phase, by VRB Power) [37]. Most of the field-test projects make use of VRB flow batteries to
minimize the fluctuating effect of wind power output on the grid and provide power reserve for
remote areas. This is because VRB is best suited for long charge duration and stable discharge
output at various SOC (more technical details will be presented in Chapter 5). This makes VRB
technology one of the best choices of consideration in our project of solar energy storage for
electric vehicle applications. In the subsequent chapters, VRB technology will be used for both
in-depth technical and economic assessment.
COMPETING TECHNOLOGIES OF FLOW BATTERIES
Besides flow battery technologies, there are quite a large number of other energy storage
techniques existing in the market today. They are usually categorized according to their energy
storing mechanisms. The major energy storage categories include: electrochemical storage
systems, mechanical storage systems and direct electrical storage systems. Different storage
techniques have different characteristics and are suitable for different applications. In this
chapter, a brief overview of the major energy storage techniques from each category will be
presented. Furthermore, comparisons of these storage techniques based on their technical
performances, market share and costs will be discussed.
4.1 Electrochemical Energy Storage
In the electrochemical energy storage techniques, the electrical energy is converted into
chemical energy, stored and converted back to electrical energy at discharge. The key
components include electrolyte, positive and negative electrodes. Chemical reactions take place
between electrolyte and electrodes to allow electrons transfer from external source to reactants in
electrolyte, and vice versa. The reaction kinetics determines the power capacity, as discussed
previously.
4.1.1 Lead-acid Batteries
Lead-acid battery is one of the most developed storage technologies today. It basically
consists of a lead negative electrode, a lead dioxide positive electrode, and an ion-exchange
membrane to separate the two12 . Sulfuric acid is usually used to dissolve the lead ions. The
overall chemical reactions during discharge (left-to-right) and charge (right-to-left) cycles are:
Chemical reaction: PbO 2 + Pb + 2H 2SO4 +- 2PbSO 4 + 2H 20
There are three main types of lead-acid batteries in the market today: the flooded cell, the
sealed gel cell, and the sealed absorbed glass mat (AGM).
12 Please note the soluble lead-acid (undivided) flow battery discussed in Section 2.2.4 does not have a separator
between the positive and negative electrodes.
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Disadvantages: The greatest disadvantages of the flooded lead-acid battery are the
release of oxygen/hydrogen during charge cycle, and the need to replenish electrolyte after
certain period of operation. In both sealed gel cell and AGM, there is no need for replenishing
electrolyte and the risk for gaseous hydrogen to cause explosion is reduced. Lead-acid batteries
usually have short life cycle - a typical lead-acid battery can survive up to 1,500 deep
charge/discharge cycles [42]. Their specific energy density and volumetric energy density
typically are 0.18MJ/kg and 0.25MJ/L [43], respectively. These are considered relatively low for
large scale energy reserve applications. Lead-acid batteries can also cause hazardous
environmental impact because of toxicity of lead.
Advantages: Most lead-acid systems have relatively low cost and high power
density which makes them suitable for power quality applications.
4.1.2 Nickel-cadmium Batteries (NiCd)
Chemical reaction: 2NiOOH + 2H 20 + Cd +-) 2Ni(OH) 2 + Cd(OH)2
Disadvantages: The specific energy density and volumetric energy density of a
typical NiCd battery are relatively low, at 0.27MJ/kg and 0.41MJ/L respectively. Disposal of
NiCd battery can impose a serious environmental hazard, because of the toxicity of cadmium.
This greatly restricts the wide applications of NiCd batteries. "Memory effect" 13 is another
shortcoming for NiCd batteries.
Advantages: The selling points for NiCd batteries are their resistance to cold
ambient and relatively low cost. The overall energy efficiency can reach 75%.
13 Memory effect is especially observed in NiCd rechargeable batteries. It describes the decreasing maximum
energy capacity with increasing number of partial discharges. As a result, the battery seems to "remember" its
previous smaller maximum energy capacity. This is mainly caused by the changing characteristics of underused
active materials in the battery. [Quoted from Wikipedia website: http://en.wikipedia.org/wiki/Memory effect on
July 25, 2009]
4.1.3 Nickel-Metal Hydride Batteries (NiMH)
Chemical reaction: MH + NiOOH + M + Ni(OH) 2
Disadvantages: NiMH batteries are generally less durable than NiCd batteries,
especially when cycling under heavy load and operating under high temperature.
Advantages: NiMH batteries usually have higher energy density and are more
environmentally friendly than NiCd batteries. The specific energy and the volumetric energy
density of NiMH batteries are typically 0.29MJ/kg and 0.54MJ/L, respectively. The overall
energy efficiency can reach 70%.
4.1.4 Sodium-sulfur Batteries (NaS)
NaS battery consists of liquid (molten) sulfur positive electrode and liquid (molten)
sodium negative electrode, separated by a solid beta-alumina ceramic electrolyte, as shown in
Figure 4.1 [43]. During discharging cycle, positive sodium ions migrate through the solid
electrolyte and combine with sulfur to form sodium polysulfides; during charging cycle, sodium
is released from polysulfides and passes through the electrolyte to recombine to form elemental
sodium.
Chemical reaction: 2 Na + x So Na 2Sx
Disadvantage: NaS batteries operate at high temperature (about 300 0C) and may
cause heat-related hazards. A heater is therefore needed and can reduce the overall energy
efficiency. The warm-up time can be long before it output electricity, so it is not suitable for
power quality management. Furthermore, the cost of NaS batteries is still relatively high.
Advantages: NaS batteries have high volumetric energy density (about
0.65MJ/L) and high specific energy (up to 0.86MJ/kg); they also have high overall efficiency of
as high as 90%, making them suitable for large-scale storage applications. Moreover, NaS
batteries usually have low maintenance during its long cycle life.
eNa'
-Ink
Beta-alumina electrolyte
S+ Na2S
Figure 4.1: NaS battery during discharge cycle
4.1.5 Lithium-ion Batteries (Li-ion)
Li-ion based batteries are mainly used for portable electronic applications, but it is also
developing towards large-scale energy storage system. These batteries usually consist of a
lithiated metal oxide (such as LiCoO 2, LiM0 2, etc) as cathode (negative) and layered graphitic
carbon as anode (positive). The electrolyte is usually made of lithium salts (such as LiPF 6)
dissolved in organic carbonates. During charging cycle, the Li-ions are released from cathode,
migrate through the electrolyte and deposit as solid Li in between the anode carbon layers.
Reverse process takes place in discharge cycle.
Chemical reaction (based on LiCoO 2): LixC + LilCoO2 <-+ LiCoO 2 + C
Disadvantages: Li-ion batteries usually operate at 600 C which may requires a
heater sometimes, hence reducing the overall efficiency. They are relatively costly because of the
high price of Li. In addition, there is always safety concern about overcharging Li-ion batteries.
Advantages: Li-ion batteries have high volumetric energy density (about
0.72MJ/L) and specific energy density (about 0.72MJ/kg). Their overall efficiency can reach 90%
with low internal resistance design.
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4.2 Direct Electric Storage
Direct electric storage techniques make use of electric or magnetic field to store energy.
Two of such technologies will be briefly discussed in this section.
4.2.1 Superconducting Magnetic Energy Storage System (SMES)
Generally, SMES stores energy in the magnetic field created by a direct current in a coil
of cryogenically cooled, superconducting material, according to the equation below.
Equation 1: Energy stored in a magnetic field
E=0.5 xL x 2 where L = inductance of the coil, I = current inside the coil;
Superconducting materials are used to reduce the energy loss due to coil resistance.
Figure 4.2 shows a schematic of a typical SMES system constructed underground [13].
Figure 4.2: Schematic of a large scale SMES system constructed underground
Disadvantages: The SMES system must operate at a temperature sufficiently low
to maintain the superconductivity of the coil. This temperature for commercial SMES is about
4.5K [13]. A cryogenic refrigerator is usually used for the cooling condition. This greatly pushes
up the cost and reduces the overall efficiency of SMES system, hence limiting its applications.
SMES systems generally suffer from high self-discharge rate, making them unsuitable for large-
scale long-duration energy storage.
Advantages: SMES systems usually have very high charge/discharge rates (high power),
so it is more suitable for pulsed-power and system stability applications. The round-trip
efficiencies for SEMS can be as high as 95%, because there is no energy conversion involved.
4.2.2 Ultra-capacitors
Usual capacitor stores electric energy in the electric field formed between two oppositely
charged plates separated by a dielectric material, according to the equation below.
Equation 2: Energy stored in an electric field
E = 0.5 x C x V2  where C = capacitance between plates, V = voltage between plates;
Ultracapacitor, also known as supercapacitor, electrochemical capacitor, or electric
double layer capacitor (EDLC), differs from usual capacitors in that it has a very thin electrolyte,
instead of a dielectric layer. The electrolyte is usually made of organic or aqueous materials
which have high energy densities. The electrodes are made of porous carbon to increase the
surface area, so as to boost the power capacity.
Disadvantages: Ultracapacitors are usually unable to maintain constant charge
voltages over a long period of time, because of its high self-discharge rate (losing up to 10% of
total charge per day).
Advantages: Ultracapacitors usually have very high discharge rate, making it
suitable for power-quality management. They also have long life cycle (<500,000 cycles) and
long lifespan (about 10-12 years).
4.3 Mechanical Energy Storage System
4.3.1 Compressed Air Energy Storage System (CAES)
A conventional gas turbine system consists of a compressor, a combustion chamber and
an expansion turbine. Compressed air is supplied by the compressor to the combustion chamber
and burn with the fuel to drive the expansion turbine. However, energy as high as 60% of that
generated from the expander is consumed by the compressor supplying gas to the combustion
chamber. In CAES, the compressor system is located separately from the combustion chamber
and a simplified expansion turbine. The energy efficiency of such CAES system is greatly
improved because of the potential energy stored in the compressed air. A typical CAES storage
plant is shown in Figure 4.3 [13].
Figure 4.3: Typica CAES Storage Plant Layout
Disadvantages: The main shortcomings for CAES are its limited energy efficiency
and the requirement of large space area. Its overall efficiency is limited by the heat loss during
compression to around 75% [44].
Advantages: Similar to the pumped hydro systems, CAES systems are mainly
used for large-scale energy storage applications, like utility shaping.
4.3.2 Flywheel Energy Storage System
Flywheel systems store energy in the form of angular momentum (kinetic energy) of a
spinning rotor. The amount of energy stored is based on the following equation:
Equation 3: Energy stored in aflywheel system
E = 0.5 x I x w2  where I = rotor's moment of inertia, w = rotor's angular
velocity
The moment of inertia is proportional to rotor's mass. Hence, the energy capacity of a
flywheel system depends on both the mass and the speed of the rotor.
Disadvantages: Flywheel systems suffer from fast self-discharge mainly due to
friction. Usually a low vacuum environment is required to maintain the high energy efficiency,
and this increases the capital cost. They usually have low energy density and low specific energy
which make them only suitable for voltage regulation or UPS (uninterrupted power supply)
applications.
Advantages: Flywheel systems require minimum maintenance, and usually have
long life cycles (>10,000 cycles for >20 years). Moreover, they are environmentally friendly
because there is no issue about emission or disposal. The overall efficiency of a flywheel system
can reach to above 90% provided the friction loss is minimized.
4.3.3 Pumped Hydro Energy Storage System
Pumped hydro is the oldest and most widely used energy storage technique today,
constituting over 99% of the total energy storage capacity installed worldwide in 2007 [45].
Generally, a pumped hydro storage plant consists of two water reservoirs located at different
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elevations. Energy is stored by pumping the water to higher reservoir and vice versa during
discharge. The amount of energy stored is according to the following
Equation 4: Energy stored in a pumped hydro system
E = V x d x g x h where V = volume of water pumped, d = density of water, g =
gravitational acceleration, h = difference in elevations of the two
reservoirs.
Disadvantages: Building a pumped hydro storage plant usually requires high
capital investment, because of the geographical constraints. It can only be cost effective at very
large scale (in GW range) with discharge duration ranging from hours to a few days. Another
increasing concern is that constructing large water reservoir for large scale pumped hydro
storage plant can potentially cause geographical instability in the neighboring region, like the
case of the Three Gorges Dam project in China.
Advantages: Pumped hydro is best suited for utility shaping because of its large
energy and power capacity. Its efficiency has been improved over the past decades and can reach
80% nowadays. The very long lifecycle of a pumped hydro plant greatly reduces the average cost
in terms of $/kWh and $/kW.
4.4 Comparison with Competing Technologies
In this section, comparisons of various attributes between flow batteries and other energy
storage techniques discussed in this chapter will be presented.
4.4.1 Technical Comparisons
A few figures of merits (FOM) for the performance characteristics of different energy
storage systems will be used for the technical comparisons. These FOMs include power capacity
(kW), energy capacity (kWh), specific energy density (kWh/ton), volumetric energy density
(kWh/m3), maximum discharge duration and self-charge duration.
Figure 4.4: Comparison of power capacity and energy capacity of redox flow batteries
with different storage techniques [46]
From Figure 4.4, the power capacity and energy capacity of flow batteries range from
100kW to 10MW and 1MWh to 1 00MWh, respectively. Such wide ranges enable flow batteries
to be used for various large-scale applications with long discharge durations, such as UPS,
seasonal storage, etc. The root cause for the wide range of energy and power scalabilities is due
to the decoupled energy and power management systems, as being discussed before.
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Figure 4.5: Specific energy density vs volumetric energy density comparison for
different storage techniques [17]
Figure 4.5 shows the energy density comparison of different storage systems. Flow
batteries have specific energy density in the range of 10-30kWh/ton and volumetric energy
density in the range of 20-35kWh/m 3. These values are smaller than that of other storage
systems, such as Na2S and Li-ion systems. This is mainly because of the limited solubility of
reactive species in liquid electrolyte solvent, such as acids. From this perspective, flow batteries
are not so suitable for portable electronic devices. However, since the energy capacity of flow
batteries can be easily scaled up, they can still compete with most other storage technologies for
large-scale energy storage applications.
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Figure 4.6: Maximum discharge duration vs power rating comparison of different
storage techniques [41]
From Figure 4.6, the maximum discharge time for flow batteries is comparable to that of
compressed air and pumped hydro systems, better than most other storage technologies discussed
before. The discharge time is almost proportional to the total energy capacity of a storage system.
This makes flow batteries ideal for storing electricity for standalone storage systems, such as
residential and small commercial areas which are not connected to the grid. The main reason for
the long discharge time is again due to the large potential of expanding the volume of electrolyte
tanks.
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Figure 4.7: Comparison of self-discharge duration to 10% DOD14 and intrinsic unit
size of different storage techniques [43]
Figure 4.7 shows the comparison of self-discharge duration and intrinsic unit size. Long
self-discharge duration is always desired for large-scale storage system. Flow batteries compete
favorably with all other storage techniques as shown. This is mainly due to the separate
electrolyte storage away from the electrodes where discharge reaction takes place. Hence, this
makes flow battery one of the best choices for applications such as utility shaping and long
duration storage for remote areas. It is worth mentioning that separate storage of electrolyte from
electrodes also renders flow batteries to have small power density in general. This is because the
amount of electrolyte contained inside the cell stack is very limited; as a result, the discharge and
charge rates will be limited as well.
14 DOD: Depth of Discharge, a percentage of the storage device's useful capacity.
4.4.2 Market Shares
Figure 4.8 shows an estimated breakdown of the total installed storage capacity in 2007.
Pumped hydro is the dominant storage system being used today. This is because it is the oldest
and most well studied and improved storage technology so far. However, it has intrinsic
limitations as being discussed in Section 4.3.3. As a result, we have seen more electrochemical
storage systems being commercialized today and taking up a bigger share of the pie. One of the
promising candidates among them is the flow battery technology. The relatively small market
share of flow battery is partially due to its high upfront capital investment and high volatility in
materials' costs. As shown later in the thesis, flow batteries are mainly materials-driven
technologies.
Pumped Hydro 110000 99.25%
Compressed Air 447 0.40%
Lead Acid 125 0.11%
Sodium Sulphur 200 0.18%
Nickel Cadmium 26 0.02%
Flow Battery 38 0.03%
Total 110836 100%
Figure 4.8: Breakdown of total installed electricity storage capacity worldwide in 2007 [45]1
4.4.3 Cost Comparison
A more detailed cost model based on VRB system will be presented in Chapter 6. In this
section, information about the cost comparison of different storage technologies is obtained from
various publicly available resources and should be treated only as estimates.
Figure 4.9 shows the costs in terms of $/kW for some commonly used energy storage
technologies today. It should be noted that each technology has variations in its structure design,
chemistry and capital investment, so the scale should only be taken as a relative measure of cost.
Furthermore, the cost of flow battery shown in this chart is relatively high as compared to others.
This is mainly because the calculation of $/kW in this case only involves the capital costs of
building the power-dependent components, while leaving the energy-dependent components
aside.
Figure 4.9: Storage cost estimates for different energy storage technologies in 2008 [10]
It has been discussed that for flow batteries, the energy capacity can be scaled up
independently from the power capacity. Hence, in terms of $/kWh over the storage system's
lifetime, the flow batteries will show their comparative advantage to others. This is shown in
Figure 4.10. Flow batteries have the greatest potential of reducing their $/kWh-output among the
electrochemical storage technologies, and they even have the potential to become cost-
competitive with the commonly used mechanical storage systems, such as flywheels and CAES.
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Figure 4.10: CCPC (cents/kWh) for different energy storage technologies [47]
Figure 4.11 shows simultaneous comparisons of unit energy cost and unit power cost for
different storage technologies. As the costs will greatly decrease with system dimension scaling
up, the wide ranges of costs shown in the figure represent only rough estimates of the actual
costs. As shown in the figure, the capital cost of unit power for flow battery spans a wide range
(from about €800/kW to €2,900/kW). This is because of the wide range of flow battery
technologies available in the market. In general, the high costs of flow batteries are attributed to
the high upfront capital investment. More detailed analysis of the cost breakdown will be shown
in Chapter 6.
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Figure 4.11: Comparison between estimated costs of different storage systems [30]
In summary, the costs of flow batteries depend on the power capacity and energy
capacity of the system considerably. This will be proven quantitatively in Chapter 6. Though
flow batteries are not the most economical choice of energy storage, it is strongly believed that
flow batteries will quickly gain the market's confidence by economy of scale once they are in
mass production.
4.5 Summary
An overview of current energy storage market has been presented in this chapter. There
are various energy storage technologies available in the market targeting at different applications,
and brief comparisons among them have been shown. Flow batteries compete favorably with
others in terms of power capacity, energy capacity and self-discharge time, all of which making
them suitable for large-scale storage with long discharge duration. However, when comparing to
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them suitable for large-scale storage with long discharge duration. However, when comparing to
other electro-chemical systems, such as NaS and Li-ion, flow batteries tend to have lower energy
density, rendering them unsuitable for electronic portable applications. In terms of capital cost
per unit power or per unit energy, flow batteries prove to be more economical than most other
electro-chemical storage technologies. They even have the potential to be cost competitive with
traditional mechanical storage systems, such as pumped hydro or compressed air. Today's
energy storage market is mainly dominated by mechanical storage systems. However, it is
believed that flow battery technologies, with their improved efficiencies and further reduced
capital costs at mass-production level, are going to increase their market share at faster pace than
the competitors.
CHAPTER 5. TECHNICAL ASSESSMENT OF ALL VANADIUM
REDIX FLOW BATTERY (VRB)
In this chapter, the technical characteristics of a VRB system will be evaluated. A
detailed discussion on constructing a VRB system will be presented as well.
5.1 Advantages of VRB System
There are two major advantages of VRB system as compared to other flow batteries:
Firstly, the electrolytes in both the positive and negative half cells contain vanadium ions
dissolved in aqueous sulfuric acid, so electrolyte crossover and mixing will not cause significant
contamination to the electrolytes. However, since the vanadium ions are in different ionic states,
mixing electrolytes will cause self-discharge, especially in the charged state where V2+ and VS+
are present in the negative and positive electrolytes, respectively. This reduces the requirement
on the ion-selective membrane which will affect the price of the flow battery system significantly.
Secondly, as compared to other major flow battery technologies in the market today, for
example zinc/bromine and polysulfide/bromide, VRB is halogen-free, so there is no danger of
releasing corrosive or poisonous halogen vapors during operation. Hence, the requirement on the
electrolyte leakage prevention for VRB system is not as stringent as those for halide-based flow
batteries.
5.2 VRB System Components
5.2.1 An Overview of VRB System
Figure 5.1 shows a high-level schematic diagram of a typical vanadium redox flow
battery system consisting of only one unit cell [37]. This system consists of four major
components: the battery cell, the electrolyte tank, the pumps and the piping system, and the
power conditioning system (PCS) which mainly includes inverters.
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Figure 5.1: A high-level schematic of vanadium redox flow battery
(Courtesy of Sumitomo Electric Industries)
The battery cell contains two half-cells, each with a solid electrode immersed in the
liquid electrolyte. The two half-cells are separated by a semi-permeable ion-exchange membrane
which only allows passage of protons (H+) while blocking all vanadium ions. Since all the redox
reactions take place on the surface of electrodes, the surface area of electrodes determines the
rate of reaction and hence, the power capacity of the unit cell. Liquid electrolytes, with vanadium
ions (V2 , V3 , V4+ and V5+) dissolved in sulfuric acid at various concentrations, are stored in
external tanks. The concentration of vanadium ions and the volume of electrolyte determine the
energy capacity of the VRB system. Electrolyte is circulated between the tanks and the battery
cell by circulation pumps. PCS consists of AC-DC and DC-AC converter system. Since the unit
cell voltage output is DC, it will be converted to AC before outputting for most utility
applications during discharging. The reverse process takes place during charging.
As discussed in Section 2.2.5.1, the open circuit voltage of a VRB unit cell is only about
1.26V on average. In order to increase the power output for general applications, bipolar stacking
of unit cells electrically connected in series is used, as discussed in Section 2.1.3. Figure 5.2
shows the stacking mechanisms [13, 37]. The bipolar plates connect the negative electrode of
one cell to the positive electrode of the neighboring cell, so all the single cells in the stack are
connected electrically in series. The liquid electrolyte flows through the cells in parallel in most
VRB systems, with exception from the design from Cellennium Company (Thailand) as shown
in Figure 5.2 (c) [13]. In most VRB cell stacks, individual cells are stacked horizontally, so the
electricity flows horizontally along the long axis of the stack; the electrolytes are pumped into
the cell stack from the bottom of the stack and flow out from the top, as shown in Figure 2.3, so
that the electrolytes are fed to cells in parallel ("parallel-feed cell-stack"). On the other hand, in
Cellennium's design of cell stack, the electrolytes are fed through the stack of cells in series
("series-feed cell-stack") - the cells are stacked up vertically in a stack in which the electrolyte
flows from bottom to top, as shown in Figure 5.2 (c). It is claimed by Cellenium that this vertical
cell-stack design can have many advantages, including higher power efficiency, reduced shunt
(bypass) current, reduced electrode corrosion, reduced the parasitic power consumed by the
pumps and increased number of cells being packed in one stack [48]. However, one foreseeable
disadvantage of this design is the slower start-up (response time) for the system to reach the
maximum power output.
(a)
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Figure 5.2: (a) Construction of a VRB Cell Stack (Courtesy: Sumitomo Electric
Industries); (b) From a cell stack to a single cell (Courtesy: Kansai Electric Power Co.); (c)
Cellennium cell stack in which electrolyte flows in series to individual cells (Courtesy:
Cellennium Company Ltd)
In the following subsections, individual components of a VRB system will be discussed
in details.
5.2.2 Electrolyte
The electrolyte is generally prepared by dissolving vanadium pentoxide (V205) in
aqueous sulfuric acid (H2SO4). V20 5 is reduced to VO2+ and V3+. The starting concentration of
H2SO 4(aq) is usually IM to 2M, and vanadium ion concentration is often limited at 2M which in
turn limits the energy density of electrolyte. This limit of 2M (more accurately at about 1.8M) is
due to precipitation of V2+ and V3+ at low temperatures (< 300C) and the thermal precipitation of
V5+ at high temperature (> 400C) in H2SO4(aq) [49]. However, using additives, like glycerol or
ammonium oxalate, can inhibit precipitation of V2+ and V5+, and the vanadium ion concentration
can increase to 3M. Other high energy density (HED) electrolyte solution with 4M or 5M or
higher concentrations of vanadium ions can be prepared without additive agents by, for example,
oxidizing 5.5M VOSO 4 in 2M H2SO 4 [49]. Furthermore, researchers have always been focusing
on increasing the vanadium concentration in the electrolyte, and some companies have their own
proprietary stabilizing compounds to do so.
Due to the intrinsic nature of flow batteries, the operating temperature greatly influences
the VRB system performance. For instances, when the temperature goes below O0C, even though
VRB can still operate, its electrolyte becomes very viscous and the electrolyte flow rate
decreases. As a result, the internal resistance of electrolyte increases and the maximum power
capacity decreases. If the temperature goes above 400 C, irreversible precipitation of active
vanadium ions can occur, as mentioned before.
H2SO 4(aq) is chosen as the electrolyte solvent mainly because of four reasons. Firstly, it
provides H+ ions to increase the conductivity of electrolyte. Secondly, it provide H+ for the
V4+ /5+ reactions at positive electrode during discharging cycle (refer to Section 2.2.5.1).
Thirdly, it has relatively high solubility of all four vanadium ions in H2SO 4(aq) in the form of
vanadium sulfates. Lastly, H2SO 4(aq) does not release poisonous or corrosive vapors as
compared to halide-based acidic solvents.
Usually the electrolyte preparation requires further processing to increase the solubility of
V20 5 in H2SO 4(aq), and this can be costly. According to Cellennium Company, they have found
a simple and inexpensive new method for making this acidic electrolyte. V20 5 powder,
H2SO 4(aq) and water are "fed continuously into vanadium electrolyte solution circulating
through a cascade of electrolytic cells". This process can prepare vanadium electrolyte with 50%
V3  and 50% V4+ cheaply and in-situ, so that the cost of transportation and handling is reduced.
[48] However, concerns about the safety-related issues and regulatory cost associated with on-
site processing of vanadium have been raised.
5.2.3 Electrodes
High surface area carbon materials are usually used for both positive and negative
electrodes, because of its capability of operating over a wide range of potentials and producing
negligible hydrogen/oxygen gases by electrolysis. The electrodes in commercial VRB system are
usually made from pyrolysis'5 of either rayon or polyacrylonitrile based precursor. The carbon
felt is often "treated to increase the number of reactions sites on the surface and heated to
increase crystallinity and conductivity" [37]. The electrodes are often held in PVC frames, as
shown in Figure 5.2(a), because PVC is resistant to acidic corrosion. In order to further reduce
hydrogen evolution at electrodes, ruthenium can be added to the electrolyte as catalyst or the the
electrodes can be coated with niobium [50].
5.2.4 Ion-exchange Membrane
Ion-exchange membrane is used to allow passage of protons while preventing electrolyte
crossover and self-discharge. It physically separates the two half cells while connecting them
electrically. Several materials can be used for the ion-exchange membrane. The most commonly
used one is Nafion® from DuPont. Nafion is basically a sulfonated tetrafluoroethylene copolymer,
which allows H+ to be transferred through itself from one sulfonyl functional group to another.
Flemion® and Selemion® manufactured by Asahi Glass Company are also being used as
membrane materials. Daramic® separator is also being used in some VRB systems [49].
5.2.5 Bipolar Plates
Bipolar plates are used to separate individual unit cells while connecting them electrically.
They need to be highly conductive when they are in contact with electrodes; they also need to be
resistant to acidity. Many bipolar plate developers use proprietary plastic carbon electrodes. The
most popular material for bipolar plates is the graphite-filled polymers, "because of its high
tensile strength, flexibility, and ease of manufacturing and handling" [37].
5.2.6 Electrolyte Storage Tanks
The external electrolyte storage tanks need to be resistant to acidic corrosion at low pH
environment. Common examples include coated fiberglass and polyvinyl chloride (PVC).
15 Pyrolysis is a form of incineration that chemically decomposes organic materials by heat in the absence of
oxygen.
Double-wall structure is usually constructed for the storage tank to minimize the risk of
electrolyte leakage; vertical tanks with modular design have also been implemented to allow
VRB manufacturers to easily change the number of tanks according to the storage capacity.
Recently, flexible rubber tanks are also being used for electrolyte storage. This invention fully
makes use of the fluidity nature of the electrolyte and can effectively utilize the unused spaces in
office buildings or underground store rooms. Figure 5.3 below shows an image of such rubber
tank [51].
Figure 5.3: Rubber tank for electrolyte storage
5.2.7 Pumps, piping and auxiliary components
Since the entire VRB system needs to operate at low pH environment, the pumps, piping
and other auxiliary components must be resistant to corrosive electrolyte too. Most developers
use plastic or Teflow-clad impellers for the pumps, and standard PVC (polyvinyl chloride) for
piping to reduce chemical interaction with the electrolyte. VRB Power System claimed that it
had found a method to cut down the cost of laying out piping by using prefabricated piping
wherever possible [37].
5.2.8 PCS, electrical interconnection and cabling
In a typical VRB system, the cell stacks are connected to the power conditioning system
(PCS) through DC electrical buses, usually made of copper wires. The basic functions of a PCS
are two folds. Firstly, it needs to convert the DC voltage output from cell stacks into AC voltage
with the same frequency as the grid before feeding the power into grid, and vice versa during
charging, so PCS functions as a bi-directional converter in this case. Secondly, it needs to take in
unstable DC voltages due to varying cell voltage output with SOC, and then outputs a stable AC
voltage, and vice versa during charging. The power electronics is mature enough to provide
highly performing PCS with efficiency up to 95% [37]. Transformer and filter circuitry are
needed to transfer power from PCS into the grid.
5.3 Technical Performance of VRB
The following discussion on the technical performance is based on a typical VRB system
produced by VRB Power Systems: the VRB Energy Storage System (VRB-ESS).
5.3.1 Energy Capacity
The energy capacity is determined by the electrolyte concentration and the volume of
storage tanks. According to VRB Power System, the usable energy density of the vanadium
electrolyte is about 20 - 30 Wh/L for about 2M vanadium ion concentration [37]. Hence, a
100kWh storage system would require the tank to contain at least 3,000L to 5,000L of electrolyte.
For a given power level, the incremental cost of energy storage comes mainly from the additional
electrolyte. Hence, the VRB system is very suitable for long duration of storage. As discussed in
Section 3.1.3 and 3.2, most of field-test projects of VRB system are able to discharge at peak
power for a duration of 4 to 8 hours.
5.3.2 Power Capacity
The current capacity of a VRB system depends on the total surface area of the electrodes
- larger electrode area means larger current rating. The maximum current rating in most VRB
systems is about 100mA/cm2 of electrode surface - if the current density exceeds this value,
ohmic heating can cause damage to the electrodes [37].
The open circuit cell voltage (V,,oc) depends on the SOC of the electrolyte. Usually, Voc
drops from about 1.55V at fully charged state to about 1.25V at fully discharged state [37]. This
voltage drop is attributed to the changing ratios of vanadium ion concentrations (V 2 /V3+,
VS/V 4 +) in the electrolyte. Equation 5 is used to calculate the theoretical potential difference
across a single VRB cell [52]. It can be seen from the equation that the relative concentrations of
vanadium ions determine the potential difference between the two half cells.
Equation 5: Theoretical potential difference across a single VRB cell
RT (V2z+(V4+)_H) 2
E = EO + - In t + iR + 77
F I V3+}(V4+
where {x} represents the activity of species x, i is the current supplied to the cell, R is the
sum of cell resistance (including charge-transfer resistance, electrical resistance at electrode,
ionic resistance at electrolyte and the membrane resistance), Eo is the SHE, and r7 is the sum of
over-potentials which are usually neglected in reality. Usually the first two terms on the right-
hand-side of Equation 5 dominates.
The voltage on discharge is often around 1.3V. Figure 5.4 shows the charge/discharge
curve for a VRB system with 6mm thick carbon felt electrodes of 132cm 2 surface area bonded to
a graphite-impregnated polyethylene plate separated by a polystyrene sulfonic acid membrane
[17]. The curve represents the charge/discharge characteristic of a typical VRB system, with cell
voltage varying with SOC.
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Figure 5.4: Charge/Discharge characteristic of a VRB system at 30mA/cm 2 for
2mol/dm3 vanadium sulphate in 2mol/dm3 H2SO 4 at 35 0C.
5.3.3 Over-charge and over-discharge
Overcharge should always be avoided in any battery system, because it can cause
damages to electrolyte and other cell components. Similar to many aqueous electrochemical
storage systems, VRB system can suffer from electrolysis of water at overcharge, producing
hydrogen gas and oxygen gas at negative and positive electrodes, respectively. However, unlike
most other storage systems, individual cells in VRB systems are unlikely to experience
overcharge, because the same electrolyte flows through all the cells in stack, either in parallel or
in series. This results in the same SOC of all unit cells.
The VRB system has advantages over other storage systems in terms of overcharge
tolerance. This is because the electrolytes in the two half cells at discharged state are identical -
mixing V20 5 in H2 SO4 to produce equal concentrations of V3+ and V4+. Hence, in principle, by
over-discharging the VRB system, the electrode polarity can be switched. Any damage to the
battery system is hence avoided.
5.3.4 Electrolyte Crossover
As mentioned in Section 5.1, one of the major advantages of VRB system over other flow
battery chemistries is its robustness of electrolyte crossover. The ion-exchange membrane only
allows passage of H+. However, in reality, the reactive ions from both sides can slowly diffuse
across the membrane to cause electrolyte contamination and irreversible self-discharge in most
flow batteries. However, the electrolytes in both half cells of VRB system are based on the same
chemistries: vanadium ions in sulfuric acid. Therefore, in VRB system, crossover may cause
temporary self-discharge, but it can be self-corrected through charging.
5.3.5 Life Cycles
The life cycle of a VRB system is mainly limited by the lifetime of the ion-exchange
membrane. At 500 charge/discharge cycles per year, the membrane is expected to last about 20
- 25 years [13]. The electrodes in cell stack can degrade from overcharge, and may need
replacement if necessary. Pumps made from plastic impellers are expected to last for 10 - 15
years as well. All other auxiliary components can either last much longer than 15 years or be
replaced at insignificant cost. Therefore, by replacing the cell stack and pumps, the VRB system
can operate for at least 20 years.
5.3.6 Efficiency
The overall energy efficiency of a VRB system is determined by factors that contribute to
energy loss significantly:
(1) Transformer loss: Most of the utility applications require output AC voltage of 480V
in the U.S. [13], so a transformer (and a DC-AC converter) is needed to connect VRB system
output to utility applications. For non-utility applications, transformers are also needed to prevent
DC injection from VRB system into AC grid. Usually, the transformer will cost about 1% of
overall energy efficiency of the system [37].
_^LI /1_~ _i~i ___1I_1____I__~_^I~___I__^-----~-C-XL~-- I~ill II~-XY --YC-~_.
(2) PCS loss: During both charging and discharging, PCS will always cost energy
dissipation because of the switching devices involved. Moreover, PCS efficiency also depends
on the ambient temperature significantly. Typically, an efficiency of 90% to 95% for the PCS
system is observed during both charging and discharging processes [13].
(3) Battery's intrinsic DC loss: The DC-DC round-trip efficiency of a VRB system is
usually around 80 to 87% [37], depending on the operating temperature, charge/discharge rate
(higher efficiency at slower rates) and years of operation. The energy loss ("charged energy -
discharged energy") are mainly attributed to voltaic loss such as ionic flow resistance and
columbic loss such as shunt current, as well as reaction kinetics, thermodynamics limits and
ohmic resistance [13]. Figure 5.5 shows the variation of Columbic, voltage and overall energy
efficiencies of VRB system with temperature [17]. This VRB system under test is the same as
the one in Section 5.3.2. The decrease of Columbic efficiency with temperature when the
temperature is below 350 C is mainly caused by the electrolyte crossover, in which the vanadium
ions are preferentially transported across the ion-exchange membrane [53]. As a result, the
overall energy efficiency is the highest (about 86%) at 230 C.
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Figure 5.5: Columbic, voltage and overall energy efficiencies of a VRB system varying
with temperature for 2mol/dm 3vanadium sulphate in 2mol/dm 3 H2SO4.
(4) Parasitic loss: Parasitic loss mainly comes from auxiliary loads required for battery
operation, such as the pumps. It also depends on the operating environment. For example, the
optimal operating temperature for VRB system is between 50 C and 45C'16 [50], so a cooling or
heating system may be needed at extreme climates and this increases the parasitic loss. The
yearly temperature fluctuation in Singapore is between 250 C to 350C which falls within the
operating range, so parasitic loss for using VRB system in Singapore is expected to occur mainly
from the pumps.
After accounting for all the losses listed above, the overall AC-AC round-trip efficiency"
is estimated to be between 50% and 75% over the entire lifetime of the VRB system [13]. Such a
wide range of AC efficiencies indicates that the VRB systems are installed under various
operating conditions.
5.3.7 Response Time
The VRB system is capable of transitioning from zero output to full output capacity
within a few milliseconds, provided the cell stacks are primed with charged electrolytes. The
ultimate response time is usually limited by PCS and the communication systems to 10-20
milliseconds. By using improved PSC and communication systems, the VRB system can be
optimally used for power quality and UPS applications.
5.3.8 Electrical Characteristics
The DC voltage output is determined by the number of cells connected in series. Multiple
stacks in parallel can help boost the DC current output. More novel cell stack configuration from
Cellennium contains individual cells that can be tapped and switched individually to produce
16 At low temperature, the electrolyte viscosity increases, resulting in slower transportation of electrolyte; at high
temperature, the electrolyte becomes unstable and the vanadium ions (especially Vs ) can precipitate.
17 AC round-trip efficiency refers to the energy efficiency at the grid interconnection point (input energy / output
energy); whereas DC round-trip efficiency refers to the battery alone (energy in / energy out from battery).
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almost sinusoidal voltage outputs [13]. As discussed previously (Section 5.3.2), Voc changes with
SOC; the VRB battery is usually connected to DC buses directly which feed into PCS Hence, the
PCS electronics must be able to handle a range of DC voltage outputs. A possible solution to
reduce the requirement on PCS is to insert a DC-DC converter between the battery and the DC
buses, so that the PCS can operate at constant DC voltage output at different SOC [37].
For off-grid applications, such as the standalone storage system connected to solar energy
being discussed in Chapter 7, a PSC is needed to provide constant AC voltage output to charge
the batteries of electric vehicles. For grid-connected applications, such as solar-to-grid
application being discussed in Chapter 7, the PSC must be able to match the voltage and
frequency of flow battery output to that of the grid system at the connection point.
5.4 Environmental Concerns
In general, the VRB system is environmentally friendly. The components of VRB system
are mainly made of recyclable materials, such as plastics for cell stacks, piping and tanks; the
electrolyte can be refilled and reused; there are no toxic materials released during operation and
at the end of battery's lifetime. Rydh has done a quantitatively study to compare the
environmental impact of VRB and the more commonly used conventional lead-acid batteries
[54]. The study shows that the overall energy storage efficiency of the VRB system is greater
(-0.72) than that of conventional lead-acid batteries (-0.68), because of VRB's lower energy
losses during its life cycle. Moreover, the energy required to produce and recycle the lead-acid
battery is 2.9-3.5 times larger than that of VRB. On the other hand, "favorable characteristics
such as long cycle-life, good variability or resources and recycling ability justify the
development and commercialization of the vanadium battery" [54]. Hence, VRB system has
always been promoted as the "green" technology, especially in this era of environmental
conservation. This is also in alignment with the theme of the Team Project of implementing
electric vehicle into Singapore based on solar energy.
5.4.1 Disposal
When disposing a decommissioned VRB system, there are two components that need
special attention: the ion-exchange membrane and the liquid vanadium electrolyte.
The ion-exchange membrane is usually made of highly acidic or alkaline material. When
decommissioning the VRB system, these membranes need to be handled with caution, the same
as standard treatment of corrosive chemicals.
The liquid vanadium electrolyte needs more care during disposal, because of its fluidity
nature and the risk of leakage. The vanadium ions exist with a wide range of oxidation states in
the electrolyte, from V2+ to V5+. However, V2+ and V3+ are only stable in low pH solution, and
they can be easily oxidized to V4+ and V5+ in fresh water or other environment. V4+ and V5+ are
stable under reducing and oxidizing conditions, respectively. The toxicity level of vanadium ions
increases with oxidation state. However, in general, the toxicity of vanadium is low: at
concentrations above 100tg/L (100ppb' 8) in water, it is considered toxic to aquatic plants; at
concentrations above 10mg/L (10ppm' 9) in water, it is considered toxic to terrestrial plants [37].
Hence, caution should be taken to prevent spillage or leakage of vanadium electrolyte onto
ground. Precautious measures include using secondary containment for the storage tanks and
installing leakage sensors to the whole VRB system. Recycling should always take place to
extract vanadium out from the electrolyte after decommissioning and reuse it.
Apart from the electrolyte, there are also other concerns: the electrolyte tanks and cell
stacks of some VRB systems are made from polypropylene; the pumps, motors, racks, etc are
made from steel; production of polypropylene and steel can cause environmental impact [54].
However, with scaled-up production capacity, this impact can be reduced.
The energy loss during charging and discharging cycles are inevitable. However, if the
VRB system is used to store electricity generated from renewable and clean energy, the "green-
ness" of VRB is further enhanced.
18 PPB refers to particle per billion.
19 PPM refers to particle per million.
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5.5 Comparison of Performance Characteristics of Major Flow Batteries in the
Market
In this section, brief comparisons of the characteristics of VRB system with two other
major flow batteries in the market are summarized in a table. The two other flow battery systems
are polysulfide/bromide system (under the name of Regenesys) and zinc/bromine system (ZBB).
Table 5.1 shows the results [17, 30, 50]. It should be noted that for VRB technologies, there are
two major families, UNSW and Sumitomo. Their products have different characteristics as
shown in the table.
Table 5.1: Performance Characteristics Comparisons of VRB with Regenesys and
ZBB systems
20 For the 3,000kW system built by Sumitomo Electric Industries.
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5.6 Summary
A detailed discussion on the design of important components of VRB system has been
presented, as well as its technical characteristics. The vanadium redox flow batteries generally
enjoy the advantages of less risk of electrolyte contamination and halogen-free operation. The
VRB system design can have different variations, such as series-feed and parallel-feed cell stacks,
flexible design of electrolyte tanks, improved electrolyte processing, etc. Most of the
technologies related to ion-exchange membrane and bipolar collecteor are proprietary to
respective VRB developers, and their performances are getting improved over the years. In
comparison with other major players in the redox flow battery market, the VRB system have
moderate energy density, good overall energy efficiency, and long lifecycle. Therefore, VRB
system is expected to be a strong candidate for large-scale energy storage with competitive
capital cost per unit energy ($/kWh).
COST MODEL OF VRB SYSTEM
VRB is a materials-intensive technology. The construction and assembly of VRB system
are mainly labor-intensive, because the bulk equipment and plant design are very much similar to
that in conventional electrical power plants or chemical processing plants. The technical issues
arise from the choice and processing of materials which significantly affect the VRB
performance. The major materials that need to be chosen carefully are the ones for liquid
vanadium electrolyte, electrode, ion-exchange membrane and bipolar current collector.
In this chapter, the choice of materials of each crucial component will be discussed. This is
followed by a quantitative cost analysis of a complete VRB system.
6.1 Price and Market Availability of Major Raw Materials
In order to examine the cost viability of a VRB system, an in-depth analysis of the cost
and availability of the key materials is essential.
6.1.1 Vanadium
Vanadium - Vanadium is a Group 5 and Period 4 element with body center cubic (BCC)
crystal structure, atomic number of 23 and atomic weight of 51. It has many oxidation states as
seen before. In nature, vanadium always exists in ores, such as patonite (VS4), vandinite
(Pb5(V0 4)3C1), carnotite (K2(UO2)2(VO4)2-3H 20), bauxite 2 1 , and various carbon-containing
deposits, like coal, crude oil, etc. These materials are refined to form vanadium-containing
compounds used in different industries. The most commonly traded one in the market is
vanadium pentoxide anhydride (also called flake), V20 5, which has been used in electrolyte
21 Bauxite is the most important aluminium ore. It consists largely of the minerals gibbsite AI(OH) 3, boehmite y-
AIO(OH), and diaspore a-AIO(OH), together with the iron oxides goethite and hematite, the clay mineral kaolinite
and small amounts of anatase TiO 2. [Quoted from the Wikipedia website, http://en.wikipedia.org/wiki/Bauxite.]
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preparation in the VRB system. The other commonly used vanadium product is ferrovanadium 22
which is especially for high-strength steel manufacturing.
Production - In 2001, the worldwide production of vanadium content reached 43,000
tons, excluding the additional vanadium recovered from petroleum and industrial products, such
as fly ash. Figure 6.1 shows the breakdown of worldwide vanadium production in 2001 [55].
Today, the three major suppliers of vanadium in the world are South Africa, China and Russia.
Figure 6.2 shows the historical trend in vanadium mine production worldwide (excluding U.S.)
from 1994 to 2002 [56]. It should be noted that there is a sharp decrease in production in 2004.
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Figure 6.1: Breakdown of worldwide vanadium production in 2001
22 Ferrovanadium is an alloy of iron and up to 55% vanadium, used in the manufacture of special high strength
steel. [Source: Wikipedia website, http://en.wiktionary.org/wiki/ferrovanadium].
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Figure 6.2: Historical worldwide production of vanadium mine (excluding US) from
1994 to 2008
Consumption - In 2001, about 85% of the vanadium supply is used in Europe, Japan,
China and the U.S; about 95% of the vanadium produced is used in metallurgical applications,
including 80% used in steel industry.
Resources - As in 2009, the world vanadium resources are estimated to exceed 63
million metric tons, which is enough to meet all the expected demand of next century [56].
Price - The price of vanadium has been volatile in the last decade. Figure 6.3 shows the
historical yearly average price fluctuation for vanadium pentoxide (V20s) [56]. The price surges
are mainly due to the sharp increase in demand of vanadium in high-strength steel manufacture
industry, simultaneous decrease in supply (in 2004, the vanadium mine production dropped
sharply as shown in Figure 6.2) and increase in transportation costs from vanadium production
sites to consumption sites. The most recent price of V20 5 quoted from reference [56] 'is
$6.98/pound in Dec 2008.
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Figure 6.3: Historical yearly average price of V20s from 1992 to 2008
In the short run, the demand of vanadium worldwide is unlikely to increase tremendously,
mainly due to the stagnated growth in vanadium steel industry. At the same time, new sources of
vanadium mine are being explored every year, especially in China. Extraction of vanadium from
heavy oil and fly ash will be the next abundant source. Though the chemical extraction process
can be costly at this moment, countries like Japan and the U.S. are trying to bring down the cost
by improving the process. With all the new sources of vanadium available, it is very unlikely that
the price of vanadium will increase sharply in the near future. The future price for V20zs in the
next five years is expected to vary between US$4/pound to US$6/pound [37].
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6.1.2 Sulfuric Acid
Sulfuric acid (H2SO 4) is another important raw material for electrolyte preparation. It is
also one of the most commonly manufactured chemicals in the world. Two commonly traded
forms are 98% highly concentrated H2SO 4 and fuming sulfuric acid23
Production - Figure 6.4 shows a trend of increasing production of H2SO4 worldwide in
the past decade. Russia and Canada are the two major countries exporting the chemicals [57].
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Figure 6.4: World Sulfuric Acid Supply Trend until 2007
Consumption - There are two major sources of demand for H2SO 4 : agricultural fertilizers
and lead-acid batteries. The Figure 6.5 below shows the breakdown of worldwide consumption
of H2SO 4 in 2007 [57].
23 Fuming sulfuric acid is a form of sulfuric acid stabilized with addition of S03.
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Figure 6.5: Breakdown of World Consumption of Sulphuric Acid in 2007
Price - Figure 6.6 shows the price fluctuation of H2SO4 from 2001 to 2007 [37]. The
price has started to decline since later 2005, and this is mainly due to decreased demand from the
lead-acid battery and related industry. Since early 2008, the price of H2SO4 climbed up steadily
and reached about US$400/ton in Sep 2008. That was mainly due to the robust increase in
demand from the metal and fertilizer industry. The demand has since then withered, and the price
of H2SO4 has kept declining to around US$100/ton until recently [58]. The sulfuric acid
specialists expect the price to decline further before it settles down at estimated US$ 70/ton in the
near future.
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Figure 6.6: Price Fluctuation of Sulfuric Acid from 2001 to 2007
6.1.3 Ion Exchange Membrane
As mentioned in Section 4.2.4, the most popular choice for ion-exchange membrane is
DuPont's Nafion®, which has also been widely used as separators in many industrial
electrochemical applications. Nafion's price ranges from US$250 to $1000 per meter square,
depending on the thickness and volume which are considered as proprietary information for
VRB developers [37]. According to DuPont, the cost of Nafion membranes can be scaled-down
considerably by large volume purchase. Figure 6.7 shows projected scaling behavior [37]. 2-mil
and 1-mil refer to the membrane thickness.
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Figure 6.7: Projected Nafion® price scaling with volume of orders
On the other hand, the price of ion-exchange membrane is not expected to fall
significantly in the near future. As a result, the cost of ion-exchange membrane will continue to
constitute a considerable portion of the total materials cost. This may be a potential barrier to the
scaling-down of VRB price in the near future.
6.1.4 Electrodes
As mentioned before, the electrodes are mainly made of carbon felt which is made from
pyrolysis of base carbon fibers woven into yams. The price of carbon felt has recently been
increasing, mainly due to the short-term shortage of polyacrylonitrile and other precursors
needed in the pyrolysis process. It is expected that the price will come down once the suppliers
are ready for large-scale mass-production of the carbon felt materials [37]. Since carbon felt
materials show quite good resistance to acidic corrosion and good electrochemical conductivity,
it is not expected that other materials will replace it as the major ion-exchange membrane
candidate in the near future. In this cost model, the price of carbon felts from standard suppliers
will be quoted. Furthermore, this price will also scale down with increased volume of order.
6.2 System Design and Cost Evaluation of VRB
In this section, a bottom-up cost model will be presented. In order to evaluate the
profitability of an energy storage plant, it is of common interest to find out the cost of unit power
($/kW) and the cost of unit energy ($/kWh). There are three major components constituting the
entire cost of a storage plant: (i) the costs that scale with the power capacity of the plant; (ii) the
costs that scale with the energy capacity of the plant; (iii) the fixed costs. It should be noted that
all the price figures used in this section are obtained from resources publicly available, such as
literature research, government reports, company website and the online forums. They suit
Singapore's local context. All the prices are in US dollars if not especially mentioned. Detailed
cost model spreadsheets are listed in the Appendix.
6.2.1 Assumptions
The cost model is based on assumptions listed below:
(1) This VRB energy storage plant will be built at the west part of Singapore Island where
industrial power plants are located. The companies that produce the proprietary
components of the VRB system, such as liquid electrolyte and cells stacks, are located
around the island. As a result, transportation costs of the system components have to be
considered.
(2) The plant's power and energy capacities are assumed to be 250kW and 2MWh,
respectively, so the discharge duration is about 8 hours.
(3) The labor cost for plant construction workers is assumed to be US$5/hour, and
8hours/day, 22days/month. A total of 10 construction workers are employed to fully
construct the plant in 6 months time. One site manager/engineer is hired to oversee the
construction and his/her salary is about US$3,000/month.
(4) The voltage efficiency is 85%.
(5) The VRB developer's profit margin and the sale's tax add to about 10% of the total
capital cost. This 10% is born by the VRB system purchaser.
(6) All the numbers are estimates and may differ from the actual market figures. All prices
are estimated to be suitable in Singapore's local context, and they are all converted into
USD.
6.2.2 Power Capacity Dependent Cost ($/kW)
The cost components that scale with the power capacity of the plant include: the cell
stack, the PCS, and the pumping systems. The plant's power capacity is assumed to be 250kW,
the output AC voltage is 240V, so the required current output is about 250kW/240V = 1,042A.
6.2.2.1 Cell Stack
As most of the cell stack designs are of proprietary information for the VRB developers,
the estimated costs of a cell stack presented below would possibly have large discrepancies with
the actual costs of cell stack.
Number of Unit Cell - A unit cell would have open circuit voltage of 1.3V, the required
voltage output is 240V and the voltage efficiency is assumed to be 85%. Hence, the total number
of cells in the stacks is about 240/1.3/85% = 220 unit cells.
Ion-Exchange Membrane - Assume the membrane is made of Nafion® from DuPont and
the quoted price is taken from Figure 6.7. The thickness of the membrane is assumed to be 2mi124 .
For simplicity, the price of membrane scales with the volume of order (V) as: V<100m2,
$220/m2; 100<V<200m 2, $180/m2; 200<V<300m2 , $140/m2; 300<V<400m2, $100/m2; V>400m 2,
$80/m2 . There is only one membrane in each unit cell. The area of the membrane in one unit cell
is assumed to be 10,000cm2=lm2, so the total area of the membrane for the entire system (220
unit cells) is 220m2. Hence, the total cost of ion-exchange membrane is about 220m2 x$140/m2 =
$30,800 for the entire plant, or equivalently, $123.2/kW.
24 2mil is about 50.81Im.
Bipolar Current Collector - The collectors are assumed to be made of graphite-filled
polymers. For simplicity, the price of the bipolar plates also scales with the volume of order (V)
as: V <100m2, $90/m2; 1005V<200m2, $70/m2; 200<V<300m2 , $50/m 2; 300<V<400m 2, $40/m2;
V>400m2 , $30/m 2. It is assumed that on average there is one bipolar plate for each unit cell, and
its area is about 11,000cm 2. For the 220 unit cells, the total area of bipolar plates is
2,420,000cm2=242m 2. Hence, the total cost of bipolar current collector for the entire plant is
242m2 x$50/m2=$12,100, or equivalently, $48.4/kW.
Carbon Felt Electrode -The electrodes are assumed to be made from pyrolysis of
polyacrylonitrile yarn. For simplicity, the price of the bipolar plates also scales with the volume
of order (V) as: V <100m2, $65/m 2; 100<V<200m 2, 45/m 2; 200<V<300m 2, $30/m2;
300<V<400m 2, $20/m2; V>400m 2, $15/m 2. The current density of electrode is assumed to be
100mA/cm2, and the required current output is 1, 042A, so the total electrode surface area in a unit
cell should be 2x1,042A/(100mA/cm 2)=20,840cm2 (since there are two electrodes in a unit cell).
For the entire plant, there are 220 unit cells, so the carbon felt area is
20,840cm 2x220=4,584,800cm2=458.33m2 . Hence, the total cost of carbon felt for the entire plant
is 458.33m2x$15/m 2=$6,875.00. This is equivalent to $27.5/kW.
Electrode Manufacturing Cost - The ion-exchange membrane, the bipolar current
collector and the carbon felt all need to be cut, bonded and heated for each unit cell. The labor
cost involved is assumed to be 15% of the carbon felt electrode's cost. That is about
$6,875.00x 15%=$1,031.25 in total, or $4.125/kW.
Frames, Manifolds, Electrical Connections - When constructing a cell stack, apart from
the major materials mentioned above, there are other inexpensive components, such as physical
frames for holding the cells together, manifolds for passage of liquid electrolyte and electrical
connections connected to DC buses. Assume all these constitute about 10% of the stack's major
materials cost. This is about ($30,800+$12,100+$6,875.00)x10%=$4,977.50 in total, or
equivalently, $19.91/kW.
Cell Stack Manufacturing Cost - The final work to put every component together to form
a complete cell stack is not so labor intensive, and it is assumed to be about 5% of the overall
materials costs. That is about ($30,800+$12,100+$6,875.00+$4,977.50)x5%=$2,737.63, or
equivalently, $10.95/kW.
Cell Stack Transportation - It is assumed to be 5% of the total cell stack cost for the plant.
That is about ($30,800+$12,100+$6,875.00+$4,977.50+$2,737.63)x5%=$2,926, or equivalently,
$11. 70/kW.
In summary, the cell stack for the entire plant costs $61,447.44, or equivalently,
$245. 79/kW. Figure 6.8 shows the cost breakdown for the cell stack. Ion-exchange membrane
constitutes about 50% of the entire cost, followed by the bipolar current collectors and carbon
felt electrodes. Hence, the price of the membrane is crucial to the economic viability of the entire
VRB system.
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Figure 6.8: Cost breakdown for cell stacks for a 250kW VRB system
6.2.2.2 PCS and Other Electrical Components
The PCS (Power Conditioning System) is a computerized system that controls the charge
and discharge of a VRB plant with improved power quality, voltage support, frequency control
and compatibility with connected grid system. It is a dynamic control system, usually with
proprietary algorithms [59].
The PCS used in this model is assumed to be the conventional one used in power plants.
Its price also scales with the power capacity of the storage plant. For simplicity, for a VRB
system larger than 300kW, a PCS costs $100/kVA; for a system smaller than 300kW and larger
than 100kW, a PCS costs $200/kVA; for a system smaller than 100kW, a PCS costs $300/kVA.
The PCS is assumed to be able to deliver both reactive and real power simultaneously, so a real
power of 250kW system requires a PCS of capacity 354kVA [37]. Based on this assumption, the
total PCS cost of the VRB system (assumed to be 250kW) is $200x354 = $70,800.
Other electrical components include transformers, cabling, contactors and breakers. The
prices of all these components are assumed to vary with the power capacity: transformer costs
$30/kVA, others cost about $25/kVA. Based on the previous assumption of 354kVA
corresponding to 250kW plant capacity, the total cost of other electrical components is $(30+25)
x354 = $19,470.
Hence, the total cost of the electrical system is about $90,270 for the entire plant, or
equivalently, $361.08/kW.
6.2.2.3 Pumps
The capacity of the pumps also scaled with the power capacity. For simplicity, it is
assumed that 100 gallon per minute (GPM) capacity of pump is required for 100kW power
output, and the price of a pump is about $25/GPM [60]. Hence, the total cost for pumps in the
VRB system is $25x 100x(250/100) = $6,250 for the entire plant, or equivalently, $25/kW.
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6.2.2.4 Total power capacity-dependent cost
The total power capacity-dependent cost is about ($61,447.44+$90,270+$6,250)
$157,967.44, or equivalently, $631.87/kW. This cost falls within the lower range of flow battery
cost shown in Figure 4.11. Figure 6.9 shows the breakdown of the total power capacity-
dependent cost. It is apparent that the cell stacks and the PCS electrical control components
constitute the largest portion (total of 96%) of the total cost.
Figure 6.9: Breakdown of the total power-capacity dependent cost for a 250kW VRB
plant
6.2.3 Energy Capacity Dependent Cost ($/kWh)
The cost components that scale with the energy capacity of the plant include: the
electrolyte, the storage tanks, piping, heat exchanger and other auxiliary equipment. The
maximum energy capacity has been assumed to be 2MWh.
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6.2.3.1 Electrolyte
The volumetric energy density per molar V20 5 is assumed to be 15Wh/L/M, and the
molar concentration of V20 5 is assumed to be 2mol/dm3. Hence, the final volumetric energy
density of the electrolyte is 30Wh/L, so the total volume of electrolyte needed is about
2,000,000/30 = 67,000L = 67m3 = 17,700Gallon.
Vanadium pentoxide - It is assumed that the vanadium electrolyte is prepared by
dissolving V20 5 in 2M H2SO 4(aq) to form vanadium ion concentration of 2M. Approximately,
this corresponds to about 360g of V20 5s per liter (L) of aqueous electrolyte. Hence, the total
amount of V20 5 needed is 67,000x360g=24,120kg=24.12ton. The price of V20 5 quoted from
reference [61] is $4.5/pound on Jun 12, 2009, and this is within the predicted price range for the
next five years given in Section 6.1.1. Hence, the total cost of V2 0 5 is $4.5 x 2000 pounds/ton x
24.12ton = $217,080 for the entire plant. This is equivalent to $108. 54/kWh.
Sulfuric acid - From Section 6.1.2, the price of high purity H2 SO 4 is assumed to be
$70/ton. A 2M H2SO 4(aq) is equivalent to 196g/L of H2 SO 4, so in total 196g/L x 67,000L =
13.132ton of H2 SO4 is needed. Hence, the total cost of sulfuric acid is $70/ton x 13.132ton =
$919.24 for the entire plant. This is equivalent to $0.46/kWh.
Water - For simplicity, the price of industrial water usage is assumed to be $0.30/m3 [62].
Hence, the total cost for water is $0.30/mx67m3 = $20.1 for the entire plant. This is equivalent
to $0. 01/kWh.
Processing - The preparation of vanadium electrolyte also requires chemical processing
after dissolving V20 5 into H2SO4(aq). This cost of processing is assumed to be 10% of the total
electrolyte materials' costs, which is 10% x ($217,080+$919.24+$20.1) = $22, 043.13 for the
entire plant, or equivalently, $11.02/kWh.
Electrolyte Transportation - It is assumed to be 5% of the total electrolyte cost for the
plant, which is 5% x ($217,080+$919.24+$20.1+$22,043.13) = $12,123.72 for the entire plant.
This is equivalent to $6. 06/kWh.
In summary, the total cost of the vanadium electrolyte is about
($217,080+$919.24+$20.1+$22,043.13+$12,123.72)=$254,598.20, or equivalently $127.30/kWh.
101
Figure 6.10 shows a cost breakdown for the vanadium electrolyte. V20 5 alone constitutes about
86% of the total electrolyte cost. Hence, the market price fluctuation of V2 0 5s can greatly affect
the profitability of the VRB system. According to the analysis in Section 6.1.1, the price of V205
is likely to decrease further in the near future, so this provides a very good opportunity for VRB
system to gain market confidence at its first entrance when it is being mass-produced in the near
future. With enough market confidence, customers' tolerance of a bit increase in the price will be
higher than that of today.
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Figure 6.10: Cost Breakdown of Vanadium Electrolyte for a 2MWh VRB System
6.2.3.2 Storage Tanks
The volume of electrolyte is considerably large (67m3), so flexible plastic containers
discussed in Section 4.2.6 should not be used. Standard PVC storage tanks with double-layer
design are used instead. The volume of each tank is assumed to be 10m 3, and each one costs
about $1,000.
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For the entire VRB plant, 14 containers in total would be needed for both positive and
negative half cell compartments, so the tanks will cost $14,000 in total. This is equivalent to
$ 7/kWh.
6.2.3.3 Piping, Heat Exchanger and Auxiliary Equipment
Piping is assumed to be made of standard PVC, and heat exchanger is the conventional
ones for ordinary chemical plants. Their costs and some other auxiliary equipment's costs are
assumed to vary with the energy capacity of the plant. Usually, their costs are insignificant to the
overall cost of the plant. For simplicity, their total cost is assumed to be $1/kWh, so it is $2, 000
for the entire storage plant.
6.2.3.4 Operation & Maintenance Cost (O&M)
As mentioned in Section 4.3.6, the VRB system requires minimum amount of
maintenance, as most of its components have long lifetimes. The only moving parts that need
frequent replacement (about once every 5 - 7 years) are the mechanical pumps. All other parts
can last longer than 15 years and need inspections only once or twice every year. The operation
cost is also insignificant since the plant's operation is totally automatic and programmed into the
system controller. It is assumed that the O&M cost is about $0.01/kWh 25 [63], so the total O&M
cost is about $20 over the entire lifetime of the storage plant.
6.2.3.5 Total energy capacity-dependent cost
The total energy capacity-dependent cost is about ($254,598.20+$14,000+$2,000+$20) =
$270,618.20, or equivalently, $135.31/kWh. This value is at the lower end of the flow battery
cost shown in Figure 4.11. Figure 6.11 shows the breakdown of the total energy-capacity
dependent cost ($/kWh). It is apparent that the vanadium electrolyte alone constitutes the
majority (94%) of the total cost.
25 This is estimated based on the O&M cost of a VRB-ESS system. Information is obtained from Prudent Energy
Company website.
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Figure 6.11: Breakdown of the total energy-dependent cost for a 2MWh plant ($/kWh)
6.2.4 Fixed Cost
The fixed cost components include: the overall control system, site construction and
management, and other balance-of-plant costs.
6.2.4.1 Plant Construction, Installation and Management
Based on the assumption (3) in Section 6.2.1, the total cost for plant construction,
installation and management is (5 x8 x22x10 + 3,000) x 6 = $70.800.
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6.2.4.2 Balance-of-plant
The balance of plant includes all the costs that are not considered above, such as cost of
buildings for VRB system installation, site preparation costs, overall control system for the
hardware.
The building is assumed to be able to accommodate all the cell stacks and the electrolyte
tanks with variable power/energy capacity. Vertical stacking of cells will be used if necessary.
The price of such a building is assumed to be $1000/m 2, and it takes up 50m2 for the entire VRB
system. Hence, the cost of building is about $50,000. This includes the site preparation costs and
the cost for hiring battery engineers to prepare the sites for installation.
The overall system controller is assumed to cost $10,000 for hardware and installation.
Other auxiliary equipments are assumed to cost about $5,000 in total.
In total, the balance-of-plant cost is about $65,000.
6.2.4.3 Total Fixed Cost
Hence, the total fixed cost for a VRB plant construction is about $135,800. Figure 6.12
shows the breakdown of total fixed cost.
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6.2.5 Total Capital Cost of the VRB System
According to the estimates above, the total cost of a VRB system with 250kW and
2MWh capacity located at the west part of Singapore will cost about $157,967.44 + $270,618.20
+ $135,800 = $564,385.64. Figure 6.13 shows the high-level cost breakdown of a VRB system.
The fixed cost constitutes about 24% of the entire cost, mainly because of the expensive
industrial properties in Singapore, especially the buildings. With large plant capacity, the
percentage of fixed cost will decrease. Energy capacity-dependent cost alone constitutes about
half (48%) of the total cost, mainly because of the long discharge duration (8 hours) of the VRB
system.
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Figure 6.13: Cost breakdown of a VRB system (250kW, 2MWh)
Based on the assumption in Section 6.2.1, the VRB developer's profit margin and sale's
tax amounts to 10% of the total capital cost. Hence, the final cost born by the system purchaser is
$564,385.64x 1.1 = $620,824.21.
Figure 6.14 shows more detailed breakdown of the final purchase cost of the entire VRB
system. It can be seen that VRB system is largely a materials' price driven technology. The
largest material's cost comes from vanadium electrolyte, about 41% of the final cost.
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Figure 6.14: Detailed breakdown of the purchase cost of a VRB system (250kW,
2MWh)
Equivalently, for a more general calculation based on power capacity (P, in kW) and
energy capacity (E, in kWh), the total cost of a VRB system (C, in $) is about:
C = $631.87/kW x P + $135.31/kWh x E + $135,800 (*)
It should be noted that the above equation is based on a few important assumptions:
(1) All the figures are in US dollars in July 2009 (present value);
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(2) All the materials whose unit prices vary with the volume of order are assumed of
fixed prices shown in the model. This is for simplicity reasons and can introduce cost gaps in the
final estimates, because the prices of major materials like ion-exchange membrane and vanadium
pentoxide affect the final costs of VRB system considerably, especially for large plant capacity.
6.2.6 Capital Cost Per Cycle ($/kWh)
The formula to calculate the capital cost per cycle (CCPC) can be obtained from Figure
4.10.
Capital cost per cycle (s/kWh
Total Purchase Price
Energy Capacity x Total Cycles x Overall Energy Efficiency
A few assumptions are made here:
(1) The overall energy efficiency is about 75%.
(2) The VRB system can be fully charged and discharged for 250 times a year for 20
years since its commissioning.
(3) This calculation does not involve any interest/inflation rates, so all values are in July
2009 US dollars (present value).
(4) All fixed assets, such as building and electrical infrastructures, are fully depreciated
after twenty years, so their salvage values are zero.
Based on the previous assumptions, the capital cost per unit cycle for a VRB system with
250kW and 2MWh is:
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620,804.21
= $0.0828/kWh
2000 x 250 x 20 x 0.75
Therefore, the result obtained from the above cost model is in agreement with the
estimate from Figure 4.10. Furthermore, since the life cycle of a VRB system can be extended
with relatively low replacement cost as discussed before, the CCPC can be further reduced.
More generally, with the previous assumptions, the CCPC of a plant with power capacity
of P kW and energy capacity of E kWh (and discharge duration T) is given as:
Equation 6: Capital costper cycle for VRB system with 250kWfor 4 hours
1.1 x (631.87 x P + 135.31 x E + 135,800)
CCPC =
E x (250 x 20) x 75%
0.18535 x P 39.8347
= + 0.03969 +
E E
0.18535 39.8347
5= + + 0.03969 ($/kWh)T PxT
With the power capacity and the discharge duration of a VRB system given, its CCPC
can be roughly estimated using above expression. Figure 6.15 shows a 3-D plot of the above
expression. It can be seen that the final CCPC is below $0.20/kWh for most of the combinations
of power capacity and discharge duration. Only for very small VRB system with short discharge
duration, can the CCPC go above that value.
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Figure 6.15: 3-D plot of CCPC ($/kWh) vs Discharge Duration (hours) and Power
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6.3 Overall Cost Analysis of a VRB System
6.3.1 Sensitivity Analysis on Important Parameters
Sensitivity analysis is done by fixing all other parameters of the system constant and
changing only the parameter of interest, in order to examine the change in total capital
investment and capital cost per cycle. In this section, the VRB system is based on the previous
model of capacity 250kW and 2MWh (8 hours discharge duration).
6.3.1.1 Price of Vanadium Pentoxide (V2Os)
Figure 6.16 shows that the CCPC increases linearly with the price of V20 5, from
$0.054/kWh at $1/pound of V20 5 to $0.194/kWh at $18/pound of V20 5. Based on this figure, the
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capital price per cycle ($/kWh) is expected to fluctuate between $0.079/kWh and $0.095/kWh,
corresponding to the predicted V20 5 price range in the near future, $4-$6/pound (discussed in
section 6.1.1).
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Figure 6.16: CCPC ($/kWh) dependence on the vanadium pentoxide (V20 5) price
($/pound)
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The estimated $/kWh for other major energy storage systems are obtained from Figure
4.10 and indicated in Figure 6.16 as red dotted line 26. It can be seen that VRB system can be
more $/kWh-competitive than Li-ion based storage system if the V20 5 price falls below
$17/pound. From Figure 6.3, the historical price for V20 5 in past 17 years has never gone above
$17/pound. This implies that most likely the VRB system will be more economical than Li-ion-
based systems in the near future. The VRB system is cost-comparable with the NaS system as
shown, provided that the V20 5 price is below $6/pound. Furthermore, the VRB system is, most
of the time, cheaper (in $/kWh) than other common electro-chemical storage systems (like lead-
acid, Ni-Cd) and more expensive than the conventional mechanical storage systems (like CAES,
pumped hydro).
Therefore, the final cost ($/kWh) of the VRB system is very sensitive to the V20 5 price
change. It is mainly attributed to the heavy cost percentage of V20 5 in the total cost of VRB
system, about 41% as seen in Figure 6.14. Hence, the success of widespread commercialization
of VRB system very much depends on the price of V20 5.
6.3.1.2 Price of Ion-Exchange Membrane
Figure 6.17 shows the linear relationship between CCPC and the ion-exchange membrane
price ($/m 2), ranging from $0.079/kWh at $50/m 2 to $0.116/kWh at $1,000/m 2. Based on the
discussion in Section 6.1.3, the price of ion-exchange membrane from DuPont (Nafion®) can
range from $250/m2 to $1000/m 2, depending on the volume of purchase. These correspond to
CCPC varying from $0.087/kWh to $0.116/kWh. The range of possible CCPC based on price
change in ion-exchange membrane is narrower than that on price change in V20 5 seen in the
previous section, because ion-exchange membrane constitutes a smaller part, about 5%, of the
total cost.
The VRB's CCPC can be cheaper than that of NaS if the ion-exchange membrane price
falls below about $200/m 2. Most of the time, it is more economical than other major electro-
26 It should be noted that the estimated $/kWh for other storage technologies are not exact in any nature, and
they only serve as a rough gauge for comparison. Furthermore, all the systems in comparison are assumed to have
similar power and energy capacities as the modeled VRB system.
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chemical storage techniques. The ion-exchange membrane is a proprietary technology for each
VRB developer, and some research work has been directed towards the improvement of its
performance. As mentioned before, it is believed that the price of membrane is unlikely to fall
significantly in the near future. Hence, the relatively high cost on membrane can be a potential
barrier to the widespread application of VRB systems.
Capital Cost per Cyde ($/kWh) vs louahange Membraae Price ($/mf)
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Figure 6.17: CCPC ($/kWh) dependence on the ion-exchange membrane price ($/m 2)
6.3.1.3 Price of PCS and Electrical Components
The CCPC also increases linearly with the price of the electrical components, mainly the
PCS, as shown in Figure 6.18. Most of the time, the market PCS price fluctuates between
$200/kVA and $500/kVA, as discussed in Section 6.2.2.2. These correspond to $0.083/kWh and
$0.093/kWh of CCPC, respectively. It is also indicated in the figure that within the price range of
PCS ($200-$500/kVA), the CCPC of VRB is comparable to that of NaS systems. It is expected
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that the price of PCS and other electrical components will not change significantly in the near
future, so its impact on the widespread commercialization of VRB system is very limited.
Capital cost per unit cycle ($/kWh) vs PCS Price ($/kVA)
(for 250kW, 2mWh VRB system)
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Figure 6.18: CCPC ($/kWh) vs PCS price ($/kVA)
6.3.1.4 Molar Concentration of V20s (M)
The molar concentration of V20 5 is assumed to be positively proportional to the
volumetric energy density of electrolyte (Wh/L). The higher the molar concentration, the higher
the energy density, the smaller volume of electrolyte required for a certain energy capacity, so
the costs of solvent (sulfuric acid) and storage tanks will decrease. Figure 6.19 shows that the
CCPC of the VRB system decreases from $0.086/kWh to $0.082/kWh when the vanadium
electrolyte molar concentration increases from 0.8M to 5M. The blue line is based on the data
obtained from the model, whereas the red line is the best fit trend line. Based on the discussion in
Section 4.2.2, the usual molar concentration of vanadium electrolyte is between 2M and 3M,
with an intrinsic solubility limit of 1.8M for all the vanadium ions [49]. However, with improved
processing technique, the concentration can even reach above 5M [49]. As compared to NaS
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system, the VRB system is more economical with increasing vanadium concentration, as shown
in Figure 6.19.
Capital Cost per Cycle ($/kWh) vs V205 Molar Concentration (M)
(for 250kW, 2MWh VRB System)
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Figure 6.19: CCPC ($/kWh) vs V205s Molar Concentration (M)
The impact of the vanadium concentration in electrolyte on the final CCPC is very
limited, mainly because of the low percentage of the cost of sulfuric acid and storage tanks (<
2%) in the total cost.
6.3.1.5 Current Density of Electrode (mA/cm 2)
In Section 4.3.2, it has been discussed that for most VRB systems, the maximum current
density for electrode is about 100mA/cm2, above which serious ohmic heating effect may
degrade the system performance. Figure 6.20 shows the overall decreasing trend of CCPC with
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increasing current density of electrode which is extrapolated to 150mA/cm 2. The dotted red line
is the trend line. The CCPC decreases from $0.086/kWh to $0.083/kWh to $0.082/kWh when the
current density increases from 50mA/cm2 to 100mA/cm 2 to 150mA/cm2 . The price sensitivity is
rather small, mainly because of the small percentage of the cost of cell stack materials (<10%).
Capital Cost per Cycle (S/kWh) vs Current Density (mA/cm2)
(for 250kW, 2MWh VRB system)
40 60 80 100 120
Current Density of Electrode (mA/cm2)
Figure 6.20: CCPC ($/kWh) vs current density of electrode (mA/cm 2 )
This current density of electrode is not expected to improve greatly in the near future,
with carbon felt as the dominating material of choice. Hence, it will not cause significant impact
to the overall cost of VRB system in the near future.
6.3.1.6 Overall Energy Efficiency (%)
The overall energy efficiency is also another important performance factor of VRB
system. Based on Table 5.1, the overall energy efficiency of VRB system usually falls between
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75% and 85%, and these correspond to CCPC within $0.0828/kWh and $0.0730/kWh,
respectively. From the red dotted line in Figure 6.21, if the overall efficiency exceeds 73%, then
the VRB system will be more economical than a typical NaS system.
Capital Cost per Cycle (S/kWh) vs Overall Energy Efficiency (%)
(for 250kW, 2MWh VRB System)
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Figure 6.21: CCPC ($/kWh) vs Overall Efficiency of the VRB System
6.3.2 Cost Variation Based on Plant Capacity
The power and energy capacity (i.e. discharge duration) will greatly affect the final
CCPC. Figure 6.15 in Section 6.2.5 shows graphically CCPC's dependence on both the power
and discharge duration, and it is based on constant capital costs of unit power ($631.87/kW) and
of unit energy ($135.3 1/kWh) shown in Equation 6. However, the capital costs of unit power and
unit energy actually vary with both the power capacity and discharge duration of the VRB
system. This is because some of the components' prices change with the volume of purchase
(like the price of ion-exchange membrane, bipolar collectors, PCS, etc), and the quantities of
some components need to round up or down to integers (like the number of electrolyte tanks).
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In the following two subsections, with consideration of cost adjustment from all the
individual components, the final CCPC's dependence on the power capacity and discharge
duration are examined.
6.3.2.1 CCPC vs Power Capacity
Figure 6.22 shows that the CCPC of a VRB system decreases almost exponentially with
increasing power capacity. The "un-smoothness" on the decreasing curve can be explained by
the simultaneously changing capital costs of unit power and unit energy, shown in Figure 6.23
and Figure 6.24, respectively.
Approximately, the final CCPC of a VRB can match that of NaS when the system is
larger than about 220kW with 8 hours of discharge duration, and that of Li-ion-based storage
when it is larger than about 50kW with 8 hours discharge. Moreover, almost all the time, the
CCPC of a VRB is lower than other major electro-chemical storage systems, such as the lead-
acid or Ni-Cd based systems. On the other hand, the lower limit of the CCPC of a VRB system
seems to be about $0.06/kWh based on Figure 6.22. It is still mich higher than that of those
mechanical storage systems which generally fall below $0.05/kWh.
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Capital Cost per Cycle ($/kWh)vs Power Capactyofthe VR plant (kW)
(for 8 hours discharge duration)
0.2
0.18
J 0.16
S0.14
a-
0.12
0.1
NaS
0.08
0.06
.... .... 
-
.. ..... .... .......... -- -
-
-- . .. ... 
.... .....  ...... ......Z -- i . -.... ......... . ..........  ......... .... ..,t , .... . .. ..... ...........  . .......... .. ...........  .......  ........  ... ......" ...... ...... .......... . .... ..............! ........... ... .. ..
.... . .... .. ............  . .. .. .. i .. .... . ..  ..............  .... ..............  .................    .... . ..  ... .. ... .... --- ..... .... ...... .. ...... .. ..........
.. i [ .... .......... ........ ... ........... " ............. - .......... . .... ............... ......i.. .....
r---------- 
-
i ] I -........ ..... .... - ....... .  .................   .. .................
..........   .. ...... ..... .. . .... ......... .. .  ....... 
  ... .... . __ ... ....... . ..... ....... ... 
.. . .. ......
F : ) :  ,:  -  - - -.. :-  t-  -t .............. ~~ ...... ......... ---- - ... ......... . .  ---. -:
............ ,--.-4 .... ... .......... . ..... , ........ . .... ....... ... .. . = " "
........  ... . .... ....... . .... . .........  . .. . .... ........... .. . .. _ _ .... .......----- -_ ... . ... ..... . ....... . .. 
.~~ ~ ~ ..... .  .....
. .I ...T  ......_.... ..
...L [ ..... _ _ ........ .....
...... z 2  ~ L ... V....
40 ..6...0.
...... ....... .
.... .... ... .8 00.
... ... 
. ..... -----10 0
........ . . 2..0 0
200
Power Capacity of the Plant (kW)
Figure 6.22: CCPC ($/kWh) vs Power Capacity of the VRB System (kW) with 8 hours
of Discharge Duration
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Figure 6.23: Cost per Unit Power ($/kW) vs Power Capacity (kW)
Cost per unit energy (S/kWh) vs Power Capacity of the Plant (kW)
(for 8-hour discharge duration VRB system)
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Figure 6.24: Cost per Unit Energy ($/kWh) vs Power Capacity (kW)
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As presented later in Chapter 7, the power requirement of a VRB system to be used
together with solar PV panels for standalone storage system application generally exceeds
500kW. Therefore, it can be stated confidently that the CCPC of a VRB system for such
standalone storage application is below $0.08/kWh based on the cost model built.
6.3.2.2 CCPC vs Energy Capacity
Figure 6.25 shows that the CCPC of a 250kW VRB system decreases with increasing
discharge duration. Based on the previous model, when the discharge duration exceeds about 7.5
hours and 2.5 hours, the CCPC of a VRB system becomes cheaper than that of NaS and that of
Li-ion based systems, respectively. The lower limit of the CCPC of such a VRB system seems to
be around $0.04/kWh based on the figure, with discharge duration exceeding 30hours. However,
for usual VRB system, the required discharge duration for most applications, including the solar-
panel standalone storage system discussed in later chapter, is below 10hours. This implies that
the estimated CCPC is around $0.07-$0.08/kWh.
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Capital Cost per Cycle ($/kWh) vs Dischrage Duration (Hours)
(for 250kW VRB System)
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Figure 6.25: CCPC ($/kWh) vs Discharge Duration (hours) for a VRB system with
250kW Power Capacity
It should be noted that the "exponential decrease" of the CCPC versus discharge duration
plot is attributed to the decoupled power and energy capacity management of a VRB system.
With increasing discharge duration, the costs associated with the energy capacity of the system
($/kWh) decreases (as shown in Figure 6.26), whereas the costs associated with the power
capacity of the system ($/kW) remains unchanged (as shown in Figure 6.27). As a result, the
average cost of energy output, represented by CCPC, decreases.
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Figure 6.26: Cost per unit energy ($/kWh) vs Discharge Duration (hours)
Cost per unit power ($/kW) vs Discharge Duration (hours)
(for a 250kW VRB System)
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Figure 627: Cost per unit energy ($kWh) vs Discharge Duration (hours)
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6.4 Model study: Bulk Electricity Price Arbitrage
One of the common applications for large scale storage systems is for bulk electricity
price arbitrage. Usually this is only applicable to liberalized electricity market where licensed
wholesalers and retailers can trade electricity freely at a spot price determined by the market
supply and demand at that time. During the arbitrage process, the wholesalers, for example, can
choose to buy electricity at lower rate during off-peak demand and store it into the storage
system; then they can sell the electricity at higher rate during peak demand to profit from the
price difference.
In order to make this arbitrage process financially viable, the wholesalers have to
evaluate the cost of purchasing a storage system, such as the VRB system. Only when the profit
earned from the electricity price difference is enough to cover the cost of VRB system, would
this arbitrage be profitable.
In this section, the same 250kW and 2MWh VRB system is used for studying the
feasibility of arbitraging bulk electricity price in Singapore. A final electricity price difference is
found to make the arbitrage process break-even in twenty years.
6.4.1 Electricity Market and Wholesale Electricity Price in Singapore
The electricity market in Singapore is divided into two parts, the wholesale market and
the retail market. The wholesale electricity market is operated by the Energy Market Company
(EMC) who buys the electricity from the generators. EMC then sells electricity to direct market
participants in the retail market or Market Support Services Licensees (MSSL) who act as the
intermediaries between the wholesale and the retail markets. Either direct market participants or
the MSSL can buy or sell electricity at the market trading price for electricity, and this creates
the opportunities for electricity price arbitrage using energy storage system. More details about
Singapore's electricity market operation can be found in reference [64].
The market trading price for electricity changes every half an hour for twenty-four hours
per day. The price is determined by the market demand and supply at that point of time. Figure
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6.28 shows the electricity price fluctuation on July 1st, 2009 [65]. It represents the scenario in a
typical day: the price is the highest at morning rush hours (before 8am), in the late afternoon
(4pm-6pm) and at night (8pm-l10Opm); whereas the price is the lowest after night (lam-6am).
Electricity Price ($/kWh) in Singapore (Jul 1, 2009)
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Figure 6.28: Electricity Price Fluctuation on July 1, 2009 in Singapore.
6.4.2 Arbitrage Cost Model
During arbitrage, the VRB system will be dynamically charged and discharged during
low-price and high-price periods, respectively. This can be done with the computerized PCS and
pre-programmed automatic-trading algorithms. Hence, the VRB system will need to be able to
discharge for at least a few hours to cover all the high-price period. In this arbitrage model, for
simplicity, the discharge duration is assumed to be 8 hours. All other specifications of the VRB
system are the same as the one discussed before, and they are shown in Table 6.1.
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Power capacity (kW) 250
Discharge duration (hour) 8
Total energy capacity (kWh) 2,000
Overall energy efficiency 75%
Total energy output per full discharge (kWh) 1,500
Full charge/dicharge cycle per year 250
Total energy output per year (kWh) 375,000
Table 6.1: Specifications of the VRB system used in electricity arbitrage model
Given the specification of VRB system, its final purchase price is calculated to be
$620,824.21. This is based on the previous cost model in Section 6.1. Table 6.2 shows the
summary of final costs.
Capital cost per unit power ($/kW) $631.87
Capital cost per unit energy ($/kWh) $135.31
Total fixed cost ($) $135,800.00
Total Capital Cost of VRB System ($) $564,385.64
Total Purchase Price of VRB System ($) $620,824.21
Table 6.2: VRB System Cost for Arbitrage
The electricity buying and selling prices are taken from the average of the daily minimum
and daily maximum electricity prices from Jan 2003 to Jul 2009, respectively 27 . The daily
maximum and minimum prices are taken from four days every year, Jan 1st, Apr 1st, Jul 1St and
Oct 1st . Figure 6.29 shows the fluctuation in both the maximum and minimum daily electricity
trading price in Singapore on the selected days [65]. The green and red dotted lines show their
average, and the green curve shows the daily price range (maximum - minimum). Therefore, the
selling and buying prices are assumed to be $0.1213/kWh and $0.0642/kWh, respectively.
27 The quoted prices are the Uniform Singapore Energy Price (USEP) which are paid by the retailers in the retail
market for energy.
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Electricity Price (max, min) in Singapore
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Figure 6.29: From Jan 2003 to Jul 2009, the daily/average maximum/minimum electricity
trading prices, and the daily maximum/minimum difference
Based on the specifications in Table 6.1, the VRB system will be charged with 2,000kWh
electricity at $0.0642/kWh per cycle for 250 cycles a year for the next 20 years. It will output
1,500kWh electricity at $0.1213/kWh per cycle, due to the 75% overall energy efficiency. The
annual profit from buying and selling electricity is calculated to be $13,405.32. Table 6.3 shows
the summary of calculation.
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Average buy price ($/kWh) $0.06
Price differential ($/kWh) $0.06
Total electricity bought per year (kWh) 500,000
Total electricity sold per year (kWh) 375,000
Annual cost of buying electricity ($) $32,087.45
Annual revenue of selling electricity ($) $45,492.77
Annual profit ($) $13,405.32
Table 6.3: Calculating annual profit from arbitraging electricity price
It is assumed that the total initial investment of $620,824.21 is taken from a local bank
loan with borrowing rate of 5% and pay-back period of 20 years which is the lifetime of the VRB
system. Therefore, the annual loan payment is calculated to be $49,816.54. Table 6.4 shows the
summary.
Initial Bank Loan ($) $620,824.21
Loan Rate ($) 5%
Loan Payback Period (year) 20
Annual Payment ($) $49,816.
Table 6.4: Annual payment of bank loan for 20 years
As a result, the annual payment of bank loan is about 3.7 times of the annual profit made
from electricity price arbitrage. Therefore, it is not financially viable to use VRB system (250kW,
2MWh) for bulk electricity arbitrage in Singapore at present electricity price.
It may be argued that with large power and energy capacity, the capital cost per cycle of
VRB system can decrease even to about $0.05/kWh, as seen in Figure 6.22 and Figure 6.25, and
this can make the arbitrage profitable. This is actually not true. In the previous analysis of CCPC,
129
Average sell price (S/kWh) $0.12
there is no consideration of the interest rate of bank loan. As the capacity of VRB system
increases, the initial capital investment and the bank loan increases, so the annual interest
payment on the loan increases as well. This fact greatly reduces the profitability of using VRB
system for arbitrage.
6.4.3 Breakeven Buy/Sell Price Difference
It is worthwhile to find out the buying/selling price difference at which the profit from
arbitrage can break-even the capital cost of VRB system considered above. The average buying
price of electricity is assumed to be $0.0642/kWh, the same as before. In order to let the annual
profit from arbitrage equal to the annual loan payment, the price difference is found to be
$0.1542/kWh. As a result, the average selling price should be $0.2184/kWh. This is about 80%
higher than the average maximum electricity price for the past 8 years ($0.1213/kWh). The
calculation summary is shown in Table 6.5.
Annual Profit $49,816.54
Total electricity bought for charging
VRB per year (kWh) 500000
Overall Energy Efficiency of VRB 75%
Total electricity sold per from
discharging VRB per year (kWh) 375000
Average buy price of electricity
($/kWh) $0.0642
Calculated average sell price of
electricity ($/kWh) $0.2184
Calculated break-even price
difference, sell-buy ($/kWh) $0.1542
Table 6.5: Calculating the break-even price difference ($/kWh)
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From Figure 6.29, it is observed that only for less than 20% of the time, the price
difference and the maximum (selling) price exceeds $0.1542/kWh and $0.2184/kWh, respectively.
This implies that there is a high risk of implementing this business model in Singapore at present.
However, there is a possibility that in the future, the electricity price difference becomes
widened because of government policies and increasing cost of generating electricity based on
natural gas in Singapore. Furthermore, with improved performance of VRB system and lowered
initial capital investment, the electricity price arbitrage model may become financially viable and
adopted by the retailers in the market.
6.5 Summary
A detailed bottom-up cost analysis has been presented in this chapter, and the results are
in agreement with the literature data presented in Chapter 4. VRB is a materials' cost-driven
technology, and the most important components that can influence the final cost of this
technology include vanadium pentoxide, ion-exchange membrane, bipolar collector and carbon
electrode. The capital cost of a VRB system is typically divided into three categories: power
capacity-dependent costs, energy capacity-dependent costs and fixed costs. Based on the cost
model presented for a 250kW, 2MWh VRB system installed in Singapore, the final capital cost
per cycle (CCPC) is found to be around $0.0828/kWh. Price sensitivity analysis with respect to
the prices of important material components, chemical compositions of electrolyte and cell
design have also been presented. As a flow battery technology, VRB system has decoupled
power and energy management, and this helps to reduce its total capital cost with increased
power and energy capacities. In addition, a bulk electricity price arbitrage model using VRB
system is presented with reference to Singapore's electricity market. The result shows that with
current electricity price in Singapore and current capital cost of VRB system, such a business
model is still not financially viable.
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IMPLEMENTATION MODELS
In order to investigate the feasibility of implementing XEV transportation system based
on solar energy in Singapore, four implementation models based on the various technologies
evaluated in the Team Project will be presented in this chapeter. Therefore, the VRB storage
system evaluated in this thesis only constitutes parts of some of these models. Other technologies
evaluated by other members in the Team Project include: advanced Li-ion battery technology for
electric vehicle application by Fu, solar thermal technology by Liu and solar PV technology for
electricity generation by Sun. These four models leverage on the technologies mentioned above
in one way or another. They will be discussed in details below.
The battery swapping model is designed for taxis. In this model, battery electric vehicle
(BEV) is selected as the best car model for taxi in Singapore. Battery swapping stations will be
built to support the operation of BEV taxis. The economic feasibility and environmental benefits
of this model will be assessed.
PHEV has been evaluated to be the best car model for private transportation. In this
section, we will analyze the suitability of PHEV to private consumers based on cost evaluation.
In both battery swapping model and PHEV model, the electricity used for charging the vehicle
batteries is directly drawn from the utility.
The car park charging system will be evaluating a "zero-carbon-emission" charging
system that is based on a standalone PV system built on the roof of a shopping mall, where
PHEVs can be charged with solar electricity. Energy storage also plays an important in this
system. The economic feasibility and environmental benefits of such a green charging system
will be discussed.
The Grid-tied PV-EV System evaluates the feasibility of building a large-scale grid-
connected PV system which can provide clean electricity to the grid, from which electrical
vehicles can be charged. The price competitiveness and environmental benefits of solar
electricity from such as system will be evaluated, again followed by suggestions to the
government in assisting relative the policy making.
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CHAPTER 7.
7.1 Battery Swapping Model
7.1.1 Background
Battery Electric Vehicle (BEV) is an important player in the green vehicle market. BEV
is equipped with a battery with high energy capacity and thus able to drive a long distance purely
on electric power. The optimized battery design is capable for a driving distance of 100 miles per
charge. Its average driving speed of 31 miles per hour also fits to Singapore' traffic condition
well-the average driving speed in Singapore is around 39 miles per hour on expressways and
less than 17 miles per hours on artery roads[66]. Moreover, BEV emits no CO2 and produces
much lower noise than conventional internal combustion engine vehicle [2].
In addition, smooth running of BEV systems requires the building of battery swapping
stations. The battery swapping stations allow BEV drivers to switch depleted batteries to fully
charged ones in a matter of minutes. In a battery swapping station, BEV enters a lane equipped
with a conveyor. The conveyor moves the car automatically and aligns the car with battery
swapping platform. At this platform, a depleted battery is taken out from the bottom of the car
and a fully charged one is then installed. The depleted battery is then shifted to a store room for
charging. After charging, this battery will be available for the next BEV. This battery exchange
process is done in a fully automatic way and takes only a few minutes. Since the average daily
driving distance of taxis is about 260 miles in Singapore, battery swapping stations must be built
to support a smooth running of BEVs, which can drive for only 100 miles per charge [67].
Fortunately, Singapore has excellent infrastructure for building swapping stations, such as robust
electric grid, compact urban environment, and advanced IT services [68]. With the support of
swapping stations, BEV could travel over a long distance and maximally demonstrate its merit of
low operating cost.
Therefore, it is believed that BEV is the ideal candidate for creating an environmental
friendly taxi system in Singapore.
7.1.2 Objective
A proposed BEV taxi model is developed from the perspective of a taxi company. In this
model, it is assumed that the taxi company needs to replace 1,250 old taxis with new ones. This
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company has two choices-it can either buy 1,250 gasoline cars or 1,250 BEVs. A detailed cost
model will be built for both choices to assess the economic impact to the taxi company. In
particular, for the BEV taxi system, we assume the taxi company will also build and operate the
battery swapping stations.
7.1.3 Economic Analysis
A simple cost model is built to assess the feasibility to develop the BEV plus battery
swapping station system in Singapore.
7.1.3.1 Swapping Stations
In this model, it is assumed that BEV will take 5% market share in the taxi segment, or
about 1,250 taxis in Singapore will be switched from gasoline cars to BEVs in the next five years.
The total number of taxis in Singapore was 24,446 in 2007 [69].
Four battery swapping stations will be built to support the operation of BEVs. The
driving distance per charge for BEVs is only 100 miles. Taxi drivers need to exchange batteries
2.5 times on average per day.
Swapping batteries does not create extra troubles for taxi drivers. Firstly, current
gasoline-taxi drivers need to refuel their cars two times daily on average in Singapore. In general,
two drivers share a taxi and each of them drives the taxi for twelve hours daily. They will refuel
the cab before passing it to the other colleague. On the other hand, swapping a battery takes less
than one minute [70]. Swapping batteries for 2.5 times daily actually does not increase drivers'
waiting time during refueling. Secondly, the average driving distance to a battery swapping
station is very short, at approximately 5 km (3.125 miles) based on the design of swapping
stations in this model. As shown in Figure 7.1, four stations will be built in the west, north, east
and downtown area of Singapore, at the locations marked by stars. With these stars as centers,
four circles with a radius of 10 Km (6.25 miles) are drawn on the map. This figure shows that
almost every corner of Singapore is well covered by these four swapping stations. In the worst
scenario, taxi drivers need to travel 10 km to reach a swapping station. However, considering the
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overlapped areas among the four circles and random distribution of taxis in the areas covered by
these circles, it is expected that the average distance between a taxi and a battery swapping
station is only about 5 Km.
Well established power grid system in Singapore is also able to support the potentially
high power demand from these battery swapping stations. In our model, the worse case happens
when all 1,250 BEV batteries starts to charge simultaneously. As a result, the total demand is
still less than 61 MW (each BEV battery has charging power of 48.73 kW). In contrast, the total
installed capacity of power plants in Singapore is about 9,775 MW and the current daily peak
demand is only approximately half of that [71]. Therefore, the total increase in power demand
from the modeled BEV taxi system is very insignificant to the grid system in Singapore.
7.1.3.2 Cost Assumptions
The projected cost for constructing a battery swapping station is US$500,000 according
to Better Place's estimates [70]. The station is designed to swap batteries and recharge depleted
batteries in an entirely automatic process. Drivers even do not have to walk out of the car.
During the initial trial period, it is assumed that the north, east and west stations will each serve
20% of BEVs, while the downtown station takes care of the rest 40% BEVs daily.
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Figure 7.1: Battery Swapping Stations in Singapore
Another major cost for this BEV model is the additional batteries. In our calculation,
three batteries (including the one in use in the car) are prepared for every BEV taxi. They are
able to support the taxis to continuously drive for 10 years. Each battery costs about US$18,138
(excluding other taxes). However, this cost can be offset partially by the long-term saving in
gasoline costs.
Other assumptions in the model include:
(1) Taxis are sequentially released every day, so that they go back to charging stations
roughly sequentially to avoid long time queuing during battery swapping.
(2) The operation and maintenance cost is US$60,000/year for the downtown station and
U$50,000/year for other stations.
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(3) A fully changed BEV battery can store 37 kWh of electrical energy and support the
BEV for a 100-mile driving distance. For BEV and its battery specifications, please
refer to Fu's thesis of Assessment of Lithium Ion Battery Technologies.
(4) The average electricity price from year 2005 to year 2009 is calculated to be
$0.093 1/kWh in Singapore [72].
(5) The average daily mileage for a normal taxi in Singapore is 258 miles [2].
(6) The average gasoline price from year 2005 to year 2009 is calculated to be
$1.86/gallon including tax in Singapore [68].
(7) A gasoline car model, Toyota Crown with fuel efficiency of 21 mpg[73] and upfront
cost of $26,058[74], is selected for comparison with BEV during the calculation of
their operation costs.
(8) BEVs enjoy Green Vehicle Rebate, which is 40% of vehicle open market value OMV
at registration. All vehicles are subjected to registration fee, COE and other fees. 7%
of GST (sales tax) is applied to all commodities in the model.
7.1.3.3 Cost Analysis
Based on these assumptions, the operation cost for BEV is calculated and summarized in
Table 7.1. The cost per mile of BEV is approximately $0.22/mile.
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Table 7.1: Cost of Battery Swapping Model for BEVs
Vehicle cost $31,250,000.00
Green Vehicle Rebate ($12,500,000.00)
COE & Other fees $12,500,000.00
Battery Pack Cost with GST $73,500,975.00
Electricity cost $2,392,297.60
Total Variable Cost $2,822,297.60
Annual interest rate 10%
BEV and battery life time (year) 10
Annual Infrastructure Amortization $234,919.25
Annual Fixed Cost $22,724,457.18
Total Annual Cost $25,546,754.78
Cost per Mile for a BEV $0.217
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The cost breakdown of BEV system is shown in Figure 7.2. It is noticed that the annual
infrastructure amortization, which accounts for the infrastructure cost of battery swapping
stations, is only about 1% of the annual BEV & battery amortization. It is also noticed that the
major contribution in variable cost is from electricity bill. The first fact means that the cost for
building supporting infrastructures is far less than the costs of BEVs and their batteries in the
model. Infrastructure does not play a significant role, once the population of BEVs reaches a
certain size, say 1,250 in our model. Moreover, both facts further indicate that a higher
penetration rate of BEVs into the taxi markets does not necessarily bring down much of its cost
per mile, because the cost for BEVs is mainly from cars, their batteries and electricity bills.
Cost Breakdown for BEV System
Electricity cost
9%
Maintenance cost
1%
Annual
Infrastructure
Amortization
1%
Figure 7.2: Cost Breakdown of BEV System
By assuming the gasoline price of $1.86/gallon, the cost per mile for gasoline cars is
calculated. This price is $0.199 as shown in Table 7.2.
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Table 7.2: Cost of Gasoline Cars
Registration fee $26,058.00
Tovota Crown Amortization $10,405.95
Fuel Efficiency (mpg) 21
Daily gasoline consumption (gallon) $22.85
Annual Operation Cost $8,340.77
Total Annual Cost for Gasoline Car $18,746.72
From above calculations, it can be seen that BEV taxis are not economically sound as
compared to gasoline taxis. The cost per mile for BEV is about $0.02 or 9% more expensive than
that of gasoline taxis. This is mainly due to the expensive BEV batteries.
However, this conclusion changes as gasoline prices rises, which is very likely to happen
in the next ten years. Further sensitivity analysis on the system cost with gasoline price is
provided below.
Firstly, the relationship between gasoline and electricity prices in Singapore is analyzed.
It is calculated the monthly average prices of both gasoline and electricity (wholesale electricity
price) in Singapore from 2005 to 2009 [75] [76]. The electricity price is converted into U.S
dollar at the exchange rate of US$1=S$1.44. These data are plotted in Figure 7.3. From this
figure, it is found that electricity retail price is very closely correlated to the gasoline price in
Singapore. Therefore, a linear relationship between these two prices is assumed in the model.
This means that as the gasoline price rises, the electricity tariff will increase for the same
percentage. The reference prices are set based on the average prices in the past five years. They
are $0.093/kWh for electricity and $1.86/gallon for gasoline.
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Figure 7.3: Monthly Average Prices of Gasoline and Electricity in Singapore
The cost per mile for both BEV and gasoline cars are calculated and plotted in Figure 7.4.
As can be seen from this figure, as the fuel cost rises, gasoline car's cost per mile ramps up
rapidly. The electricity tariff also increases with the gasoline price. However, since the electricity
bill is only a small portion in the overall cost of BEVs, this increase does not bring a significant
change in the cost per mile for BEVs.
As can be seen from Figure 7.4, the breakeven price for BEVs and gasoline cars occurs at
gasoline price of about $2.4/gallon. This means that BEVs will be more cost competitive in
terms of cost per mile, once the fuel price goes above $2.4/gallon.
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Figure 7.4: Cost per Mile for BEV vs. Gasoline Price
7.1.4 Environmental Analysis
From environmental perspectives, BEV taxis are highly preferred for less CO2 emission.
In order to quantify the environmental benefits of BEV taxis, the total amount of CO 2 emission
in 10 years are estimated for both kinds of taxis.
The main source of CO 2 emission for BEV taxi is from electricity generation. The
amount of CO 2 emitted during electricity generation can be calculated based on the following
assumptions:
(1) The average transmission loss from power station in Singapore is estimated to be 1.5%
[77];
(2) The average CO 2 emission during power generation is about 434g/kWh in Singapore
(please refer to Report I for more details of Singapore power generation);
(3) The estimated CO 2 emission for gasoline taxi is about 371.2g/mile based on the data
given by Felix Kramer [78].
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Table 7.3 shows that by operating BEV taxi, 0.27kg/mile of CO2 reduction can be
achieved as compared to operating gasoline car. The total CO2 reduction for a single BEV in one
year (assuming daily driving distance of 258 miles) can be as high as about 25 tons. In this
model, 1,250 BEVs will be deployed. This would mean a total of nearly 31.3 kilo tons of CO2
reduction yearly. Here it is assumed that the electricity is generated from power plants relying on
natural gas as fuel. If this electricity is from renewable energy, the C02 reduction can go up to
0.371kg/mile or an annual saving in CO2 reduction of nearly 35 tons per BEV.
Table 7.3: CO2 emission of BEV and Gasoline Taxis
BEV taxi CO2 reduction 0.2757435
In order to reduce CO2 emission and promote BEV taxi system in Singapore, incentives
must be given by Singapore government. Based on the previous cost analysis, a price of
$70.21/ton of C02 emission is needed so as to make BEV taxi cost equivalent with gasoline taxis,
at present gasoline and electricity prices ($0.093/kWh for electricity and $1.86/gallon for
gasoline). In comparison, according to the CO2 trading price established by European Union's
Emissions Trading Scheme (EU ETS), current CO2 is charged at $21.3/ton, and it is predicted to
increase further to $56.86 by 2016 [79]. Therefore, either more government incentives or higher
carbon tax are needed for the implementation of BEV taxi system in the near future. However, as
the oil price and environmental awareness rise, it is highly likely that BEV taxis will be running
in Singapore streets in the foreseeable future.
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7.2 Private Car Model
7.2.1 Background
According to Land Transport Authority (Singapore), the average daily mileage of private
cars is 35.4 miles [2]. As shown in Fu's model, under current technical standard, Plug-in Hybrid
Electric Vehicle (PHEV) has a driving distance of 40 miles by operating in electric mode. This is
enough to cover the entire daily mileage of a private car user. While the operation costs and CO2
emission for PHEV and BEV are quite similar, PHEV has a much less upfront cost compared to
BEV. Therefore, PHEV is chosen to target at private car market in this Private Car Model.
7.2.2 Assumptions
By applying the same methodology as in BEV battery swapping model, economic and
environmental impacts of PHEVs are assessed based on the following assumptions:
(1) The average daily mileage of a private car is 35.4 miles.
(2) The gasoline and electricity prices are $1.83/gallon and $0.0932/kWh, respectively.
(3) PHEVs enjoy Green Vehicle Rebate, which is 40% of the vehicle's open market
value (OMV) at registration.
(4) All vehicles are subjected to registration fee, COE and other fees.
(5) 7% of GST (sales tax) is applied to all commodities in the model.
(6) A fully charged PHEV can drive for 40 miles in electric mode. After that, it operates
as a hybrid electric vehicle (HEV) with a fuel efficiency of 50 mpg.
(7) A gasoline car with a fuel efficiency of 26.4 mpg is used for comparison.
7.2.3 Cost Model
The result is summarized in Table 7.4. As shown in this table, although PHEV has a
higher upfront cost than gasoline car, PHEV drivers can make savings from lower operating cost.
Nevertheless, a negative net present value in Table 7.4 indicates that this saving is not large
enough to offset the high upfront cost of a PHEV. As a result, at current electricity and gasoline
prices, it is not cost effective for a consumer to purchase a PHEV.
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Table 7.4: Implementation Cost of PHEV vs. Gasoline Car
PHEV OMV price $38,307.00
Green vehicle rebate ($15,322.80)
COE & other fees $10,000.00
Gasoline car cost $56,212.75
Gasoline car GST $1,562.75
COE & other fees $10,000.00
PHEV initial investment $17,759.94
PHEV ope ration cost $0.82
Daily PMT(saving) $1.67
Gasoline car CO2 emission (kg/day) 12.3192
From environmental perspective, operating a PHEV can achieve 8.442 kg of CO 2
reduction every day as compared to operating a gasoline car. In order to make PHEV as cost
competitive as a gasoline car, the charge of $378.34/ton on CO2 emission is required to bridge
this cost gap. This price is as high as 17.5 times of the current CO2 trading price ($21.6/ton) in
the European Union. Therefore, at this moment PHEV is not likely to be adopted as private cars.
The sensitivity of NPV to gasoline price is also analyzed. The same relationship between
gasoline and electricity price as in Battery Swapping Model is used here. Figure 7.5 shows the
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change of NPV as gasoline price increases. It is observed that PHEV will not be profitable unless
the gasoline price goes to as high as about $5.4/gallon. Based on the historical trend of gasoline
price in Singapore, $5.4/gallon is not likely to occur in the near future.
Figure 7.5: NPV vs. Gasoline Price
As the driving distance becomes longer, PHEV's merit of low operation cost becomes
more significant. Sensitivity of CO 2 breakeven trading price with varying daily mileage is shown
in Figure 7.6. This figure suggests that PHEV is probably a good choice for users with longer
daily mileage, such as postman.
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7.3 Car Park Charging System Model
7.3.1 Background
PHEV is believed to be more suitable than BEV for private car users in Singapore, as
discussed in the previous Private Car Model (Section 7.2). In order to help expedite the
penetration of PHEV into the private car market in Singapore, supporting infrastructures should
be built at the frequently and easily accessible areas with dense population of cars. One of the
most important infrastructures is the charging system.
Singapore has limited land, so its city planning does not allow much space for private
parking. Aggregated public cars parks are commonly seen around the island, at both residential
and commercial areas. The residential areas in Singapore mainly comprise of tall flats, and
separate multi-storey buildings are usually built for car parking for the residents in the region; it
is also very common to see aggregated large-scale shopping complexes in Singapore, and the
parking spaces are usually located within the same building. Therefore, providing charging spots
at those parking areas can help alleviate EV users' worries of running out of "fuel", while they
are resting at home or shopping with families for the weekends.
In order to make the PHEVs even "greener", solar energy technology should be leveraged
for the greater benefit to the environment. This is because solar energy is the only viable clean
energy resource for electricity generation in Singapore, as being discussed in Report 1. Solar
thermal technology and solar PV technology are separately evaluated by Liu and Sun in their
respective thesis. According to Liu, solar thermal technology is not suitable for electricity
generation in Singapore due to its low efficiency in a highly diffusive radiation environment 28 .
Therefore, solar PV technology is chosen for evaluation in this car park model.
Furthermore, to fully capitalize on the solar energy available only during sunny daytime,
energy storage system should be implemented together with the PV panels to make the solar
28 According to Liu, to make it economically sound, solar thermal power plant requires a minimum daily direct
normal isolation of 6 kWh/m2. However, due to more than 40% of diffusive radiation, the daily DNI in Singapore is
less than 3 kWh/m2. Moreover, solar thermal power plant requires a vast area for solar field. This further prevents
it from entering the Singapore market, when the density of population is ranked number 2 in the world.
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energy even available for charging at night or during cloudy days. Moreover, energy storage
system can eliminate the intermittent nature of electricity generation from solar PV panels.
7.3.2 Objectives
The ultimate aim of this Car Park Charging System (CPCS) model is to evaluate the
profitability of building a Standalone Solar Electricity Generation System with Energy Storage
(SSEGS-ES).
The final cost of electricity in $/kWh generated from the SSEGS-ES system (P1) will be
compared with the average utility electricity price (P2). Based on the comparison, EV users'
acceptance level and the future market of CPCS can be analyzed. Correspondingly, possible
policies and acts can be proposed to the government to incentivize such a system.
7.3.3 Assumption
There are a few important assumptions for building such an implementation model:
(1) The solar PV technology is based on the one evaluated in Sun's thesis. The capital
cost of building such a solar PV panel is also obtained from the cost model in that thesis. The
energy storage system makes use of the vanadium redox flow battery system (VRB) evaluated in
Chen's thesis, likewise for its capital cost model.
(2) The specifications of EV batteries and charging parameters are obtained from Fu's
thesis on EV battery evaluation. Herein, PHEV is used together with SSEGS-ES for the
implementation model.
(3) The CPCS is assumed to be continuously operational for twenty years since its
commissioning.
(4) An initial capital investment is used to build the entire CPCS, including the solar PV
panels, VRB storage system and the auxiliary components. The balance-of-plant is included in
the individual systems, and the final operation and maintenance (O&M) cost for the entire CPCS
is incorporated into the initial capital investment. This lump-sum capital investment is taken
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from a bank loan with annual borrowing rate of 5%. The loan is paid back with equal annual
installment for the next twenty years.
(5) The installed CPCS is purchased by the operators of the car parks, who can be the
owners of shopping complexes or the neighborhood communities of the residential areas. They
will charge the EV users for charging their vehicles during parking. This constitutes the revenue
for CPCS owners who can use it to repay the bank loan for the next twenty years. The interest
rate is assumed to be constant at 1% for the next twenty years, and the inflation rate is assumed
to be zero in Singapore during this period.
7.3.4 Cost Model
7.3.4.1 Car park
The car park used in this model is one of the largest shopping complexes in south-
western Singapore, the IMM shopping mall. Its outlook is shown in Figure 7.7 [80]. IMM is
purposely chosen for this model, because it is located between the downtown area and the rural
suburbs, its accessibility and traffic amount can reasonably approximate the average standards in
Singapore.
Figure 7.7: Outlook of IMM Shopping Complex
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The roof-top area of IMM building is estimated to be about 37,810m2, and there are about
1,300 car park lots available inside [81]. This is another reason for choosing IMM for the
SSEGS-ES implementation, and more details will be presented in later sections.
7.3.4.2 Solar PVpanels
It is assumed that 90% of the roof-top areas can be covered with PV panels, which is
equivalently 37810x90%=34,029m2 . Assuming 90% of the roof-top areas are covered with solar
PV panels, so that the total number of PV modules needed is about 51,250, each taking up an
area of 0.72m2 . The solar PV panels are made from Cd-Te module from First Solar®. The
important parameters and final capital cost of the solar PV panels are shown in Table 7.5. The
total capital cost for the entire solar PV panels is about $8,497,825.83. The breakdown of this
total amount is shown in Figure 7.8. It can be seen the PV module accounts more than 70% of
the total cost.
Total area availble for PV panel (m2) 34,029.00
Total number of PV modules 47,262.50
Overall energy efficiency of PV module 88%
Total watt peaks (Wp) 3,009,694.91
Total electricity generated from PV panels per day (kWh) 12,038.78
Total electricity generated from PV panels per year (kWh) 4,394,154.56
Total PV module cost ($) $6,019,389.81
Total capital cost of PV panel system ($) $8,487,825.83
Capital cost per unit Watt peak ($/W) $2.8202
Capital cost per unit energy ($/kWh) $0.0966
151
Table 7.5: Important parameters and final capital costs of the solar PV panels
installed for car park in the IMM shopping hall
Final Cost Breakdown of Solar PV System
Total Installation
Cost
Total Inverter Cost 5%
24%
Total Maintenance
Cost
(Present Value)
0%
P I
Total PV Module
Cost
71%
Figure 7.8: Final Cost Breakdown of the Entire Solar PC System
7.3.4.3 PHEV specifications
The PHEVs are driven by advanced Li-ion batteries which can be plugged into any
normal power socket that provides 240V AC power supply.
Based on Fu's model of Li-ion batteries and reference [82], the charging characteristics
of a PHEV battery are shown in Table 7.6. The charging efficiency is assumed to be 90%; based
on Chen's model of VRB system, the overall energy efficiency is about 75%. Therefore, the total
electricity available for charging PHEV batteries is therefore calculated to be about 9,029kWh
per day, and the total number of PHEV batteries that can be fully charged is about 923 per day.
This is smaller than the total parking lots available (about 1,300). Assuming that all the 923
PHEVs are plugged-in and charged from the VRB system at the same time, the maximum power
capacity requirement for the VRB system hence is about 2.462MW.
152
Total electricity generated from solar PV panels per day (kWh) 12,038.78
Overall efficiency of VRB system 75.00%
Total electricity available for charging PHEV batteries (kWh) 9,029.08
Battery energy capacity (kWh) 8.8
Battery charging efficiency 90.00%
Number of PHEV fully charged per day 923
Battery charging AC voltage (V) 240
Battery charging current (A) 7.5
Battery charging power (kWh) 1.8
Battery charging duration to fully charged (hours) 4.89
Total maximum charging current in a day (A) 10,260.32
Total maximum charging power in a day (kW) 2,462.48
Table 7.6: Important parameters for PHEV batteries
7.3.4.4 Capital cost of VRB storage system
The VRB system will be constructed in the proximity of the IMM building. A
computerized control system will be installed to dynamically control the charging and
discharging process of the VRB system. The electricity will be generated with intermittence from
the solar PV panels at sunny daytime. Through the VRB storage system, the electricity can then
be supplied to the charging spots throughout the car park inside the IMM building at anytime of
the day at constant voltage of 240V AC.
From the previous section on PHEV specifications, the total maximum charging power
required from the VRB system is about 2.462MW. A 100kW safety margin is added to the
maximum power output of VRB system, resulting in a total power capacity of 2.562MW. The
discharge duration is estimated to be 4 hours, resulting in a total energy capacity of 10,240kWh
of the VRB system which is larger than the required total electricity for charging 923 PHEVs
fully per day, 9,029kWh (highlighted in yellow in Table 7.6). Hence, the final purchase price of
the entire VRB system is $3,213.098.06 for a 2.562MW VRB system with discharge duration of
4 hours. Based on Chen's model, the final capital cost per cycle is about $0.0836/kWh. A
summary is shown in Table 7.7.
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Output Power Capacity (kW) 2,562
Discharge Duration (hours) 4
Total energy capacity (kWh) 10,248.00
Capital cost per unit power ($/kW) $548.50
Capital cost per unit energy ($/kWh) $134.65
Fixed cost ($) $135,800.00
Total capital cost ($) $2,920,998.23
Total purchase price () $3,213,098.06
Capital Cost per Cyce ($/kWh) $0.0836
Table 7.7: Important specifications and final purchase price
system
of the VRB storage
Figure 7.9 shows the breakdown of final cost of the entire VRB system. Due to the large
power and energy capacity of the power plant, the fixed cost component only constitutes about 4%
of the total cost, whereas the cell stacks and the vanadium electrolyte amounts to more than 55%.
Pipit
Stoa
Total Purchase Cost Breakdown for a VRB System
(2.770MW, 4 hours discharge)
Plant Construction,Plant nstallaruction & Balance of Plant ProfitInstallation &
Management 9 Cell Stack
2% 13%
g, heat exchanger
& auxiliaries
age Tanks
2%
Vanadium electrolyte 2%
costs
41%
PCS & Electrical
Components
29%
Figure 7.9: Final cost breakdown for VRB system with 2,770kW with 4 hours
discharge duration
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7.3.4.5 O&M cost of the CPCS
Since in both Sun's cost model of solar PV panels and Chen's cost model of VRB system,
the O&M costs are included in the final capital costs, there is no separate O&M cost associated
with the CPCS system.
7.3.4.6 Final cost of electricity output from CPCS, P1
Based on the previous discussion, the total initial capital cost amounts to $11, 700,923.89
in total. Figure 7.10 shows the final cost breakdown: VRB system constitutes about 27% and the
solar PV system takes up the remaining 73%.
Figure 7.10: Final cost breakdown of the CPCS system installed in IMM building
It is assumed that the total initial capital cost is loaned from a local bank with borrowing
rate of 5%, with payback period of 20 years and equal annual installment. Hence, the annual loan
payment is about $938,912.41.
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Final Cost Breakdown of CPCS
Electricity from the CPCS is sold to the EV users. Once they plug-in their PHEV onto the
wall-plug in the car park, the power meter installed beside the charging spot will start to
calculate the total charging cost. The cost of this "green" electricity for the next twenty years is
assumed to be constant.
In order to find the break-even electricity price (denoted as Pl), the annual income from
electricity sale must be equal to the annual loan payment. This is calculated to be $0.2849/kWh.
Table 7.8 shows the important parameters for this calculation.
Total initial capital investment ($) $11,700,923.89
Average interest rate 1%
Electricity output from VRB per day (kWh) 9,029.08
Number of CPCS's operating days per year 365
Total electricity supplied from CPCS per year (kWh) 3,295,615.92
Life cycle of CPCS (years) 20
Cost of electricity to EV users ($/kWh) $0.2849
Annual revenue ($) $938,912.41
Total bank loan ($) -$11,700,923.89
Annual bank loan rate 5%
Loan payback period (years) 20
Equal annual installment for loan payment ($) $938,912.41
Annual cash inflow ($) $938,912.41
Annual cash inflow ($) $938,912.41
Annual net cash flow ($) $0.00
NPV of net cash flow in 20 years ($) $0.00
Table 7.8: Calculation of the break-even electricity price for the next twenty years
Therefore, the final break-even electricity retail price from the CPCS at IMM building
should be P1 = $0.2849/kWh.
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7.3.5 Model Analysis
7.3.5.1 Utility electricity price, P2
The average yearly electricity price from 2005 to 2009 in Singapore is shown in Table
7.9. The average electricity price during this period is $0.0932/kWh, and this is taken as a
reference of the expected average electricity retail price in the next twenty years. Hence, P2 =
$0.0932/kWh. This is about third (-32.7%) of P1.
Year Electricity Price ($/kWh)
2005 $0.0775
2006 $0.0929
2007 $0.0884
2008 $0.1128
2009 $0.0943
Average $0.0932
Table 7.9: The average yearly electricity price in Singapore from 2005 to 2009
7.3.5.2 Sensitivity Analysis - Car Park Roof-top Area
Figure 7.11 shows that P1 decreases with the car park roof-top area available for PV
installation. It approaches towards about $0.275/kWh when the roof-top area goes to very large.
This "asymptotic" value is about 3 times of the average utility electricity price, P2 (shown as the
red line in Figure 7.11), and about 2 times of the highest historical utility electricity price in the
past five year. The vertical dotted line represents the case of CPCS built on IMM building.
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Figure 7.11: Variation of break-even electricity price from CPCS (Pl, $/kWh) against
car park area (m ) and utility electricity price (P2, $/kWh)
The initial quick decrease in P1 with increasing car park roof-top area is due to the
relatively large portion of capital investment in building CPCS, even when the amount of
electricity generated from the PV panels is very limited. This can be seen from Figure 7.12
which shows comparison of increasing rates of total cost of CPCS and annual electricity
generation capacity, with respect to the roof-top area, as well as the increasing rates of total cost
of VRB system and total cost of solar PV system. When the roof-top area is below 100m 2, the
annual electricity generation solar panel is only about 40kWh, but the total capital cost of CPCS
is already above $300,000. When the roof-top area gets larger, the incremental electricity
generated exceeds the incremental capital cost of CPCS, so the final break-even electricity price
comes down due to economy of scale. This is shown in Figure 7.12 in which the electricity
generation curve (purple) is much steeper than the total CPCS cost curve (green). Furthermore,
Figure 7.12 shows that when the roof-top area is small and the generation capacity is small, the
total capital cost of VRB storage system is higher than that of solar PV system; when the roof-
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top area goes above 2,000 m2, the total cost of solar PV panels overtakes that of VRB system.
This is mainly due to the decreasing capital cost per cycle with increasing energy capacity of
VRB system discussed in Chen's thesis.
Therefore, a conclusion that can be made from Figure 7.11 is that car parks with large
roof-top area available for installing more PV modules will be more economically attractive for
building CPCS. In fact, IMM mall is one of the handful large shopping complexes in Singapore
with large roof-top area. This is also another reason for choosing IMM for the initial stage of
modeling.
Total CPCS Cost ($) vs Car Park Roof-top Area (m2)
--*Total Solar PV System Cost (S) -u-Total VRB Storage System Cost ($)
--*-Total CPCS Cost (5) -Total Electricity Supplied in 20 Year (kWh)
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Figure 7.12: Total cost of CPCS, total VRB system cost, total solar PV system cost and
annual electricity supplied by CPCS vs car park roof-top area (ranging from 1m2 to
10,000m 2, log scale)
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7.3.5.3 Carbon Dioxide (C0) Emission Reduction
Apparently, the price of electricity generated from the CPCS system modeled above is
too expensive to be accepted by ordinary PHEV users - they will prefer to charge their vehicles
from the household wall-plug with only one third of the cost of using CPCS.
However, the electricity generated from CPCS is totally carbon-emission free, and it is
much "greener" than the utility electricity generated from the ordinary power plants. Shown in
Report 1, the power plants in Singapore mainly use natural gas to generate electricity, and the
power generation sector alone contribute the largest portion of total CO2 emission in Singapore.
This is shown in Figure 7.13 [2]. Furthermore, from the same figure, the transport sector
contributes about 19% of the final total CO 2 emission in Singapore, with 2% from the secondary
consumption of electricity. It has also been shown in Fu's thesis that private cars contribute the
largest portion of CO 2 emission from transport sector. Therefore, in the "ideal case" if all the
private cars can be replaced by PHEVs and all the PHEVs are charged with "green" electricity,
the 19% of CO2 emission from transport sector can be reduced substantially.
Key C02 Contributors 2005 Kilo tones
homby Tranwprt 3Iinp hddu Odwrz
19,315 13,465 7,056 325 216Consumption
use conust fiel ) (33%) (17%) (1%) (1%)
Secondary
Consumption 8,328 930 5,910 3,415 732
use electricity (21%) (2%) (15%) (8%) (2%)
Overall 21,793 7,986 6,235 3,631 732
(54%) (19%) (16%) (9%) (2%)
TOTAL COm, , 40,377 kilo onres
Figure 7.13: CO z Emission by Sectors in Singapore in 2005.
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In order to make the clean electricity generated from CPCS at least equally competitive
with the gas-generated electricity, government's restriction on CO2 emission is essential. This
can be done in the form of carbon credit trading system seen in the European Union. In this
system, carbon is being sold and bought just like other commodities in the market. The party
who can reduce their CO 2 emission will have more carbon credits to sell to those who need to
emit more CO2 than required by the government. In this way, PHEV users who use clean
electricity to drive their vehicles will earn carbon credits, equivalent to reducing the operating
cost of PHEV. Therefore, in this implementation model of EV in Singapore, it is assumed that
Singapore government has joined the global carbon trading system, and allows its citizen to
participate in the trading activities just like trading stocks. A breakeven carbon trading price in
$/ton needs to be determined in order to let solar-generated electricity and gas-generated
electricity be equally attractive to EV users.
The carbon intensities from the two largest power generation companies in Singapore,
Tuas Power [83] and Senoko Power [84] are used to estimate the mass of CO 2 emission when
lkWh electricity is generated from natural gas. Averaging the Senoko's carbon intensity in 2005
(450g/kWh) and Tuas' carbon intensity in 2006 (418g/kWh), the approximate carbon intensity
for gas-generated electricity in Singapore is about 434g/kWh. It is further assumed that the power
transmission efficiency from power plant to end EV users is 98%, so the actual carbon intensity
per kWh electricity charged into EV is about 442.86g/kWh.
Based on the previous CPCS model on IMM building, the price of electricity from CPCS
is $0.2849/kWh, and the utility (gas-generated) electricity price is $0.0932/kWh, so the price
difference is $0.1917/kWh. In order to bridge this price gap, the CO2 emission per kWh of gas-
generated electricity needs to be charged. The unit CO 2 price is therefore:
$0.1917/kWh
. $0.43287/kg = $432.87/ton
442.86g/kWh
Hence, in order to let solar-generate electricity's price and gas-generated electricity's
price equal, the breakeven price of CO 2 should be $432.87/ton.
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7.3.5.4 "Best case" analysis
From the previous section, in order to let the solar-generated electricity be cost equivalent
with the gas-generated electricity, a carbon trading price of $432.87/ton would be needed.
However, this price is about 20 times higher than the current carbon trading price in Europe
(-$21.30/ton [85]), and about 8 times higher than the predicted price in 2016 (-$56.83/ton [86]).
Therefore, it is very unlikely in the foreseeable future that Singapore's carbon trading price can
be so high.
In order to estimate the lower limit of the breakeven electricity price from CPCS installed
in IMM building, a "best case" analysis is conducted. There are two major changes to the
previous cost model.
(i) There will be a one million SGD (equivalent to $694,444.44 USD at 1USD=1.44SGD
exchange rate) government financial support to offset partially the initial capital investment of
the CPCS. This is based on the news release from the Economic Development Board (EDB) in
2008.
(ii) There will be no energy storage system implemented together with the solar PV panel
systems. This is based on the assumption that the electricity generated at daytime can be 100%
utilized or charging EVs instantaneously after it is generated. As a result, there will be no
charging at night or during cloudy days, and there will no energy loss due to the storage system
efficiency. The cost associated with the extra power conditioning system for smoothing the
energy output from PV panels will be incorporated into the final DC/AC inverter cost. Therefore,
the initial capital cost only includes the cost for solar PV system.
The final cost model parameters used to calculate the breakeven electricity price are
shown in Figure 7.14.
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Average interest rate 1%
Electricity output from VRB per day (kWh) 12,038.78
Number of CPCS's operating days per year 365
Total electricity supplied from CPCS per year (kWh) 4,394,154.56
Life cycle of CPCS (years) 20
Cost of electricity to EV users ($/kWh) $0.1423
Annual revenue ($) $625,361.09
Total bank loan ($) -$7,793,381.39
Annual bank loan rate 5%
Loan payback period (years) 20
Equal annual installment for loan payment ($) $625,361.09
Annual cash inflow ($) $625,361.09
Annual cash inflow ($) $625,361.09
Annual net cash flow ($) $0.00
NPV of net cash flow in 20 years ($) $0.00
Figure 7.14: Calculation of breakeven solar-generated electricity
case"
price in the "best
The breakeven price in the "best case" is therefore $0.1423/kWh (P1), about 1.5 times of
the annual average electricity price in the past five years and about the same as the highest
historical electricity price during the same five-year period. Based on the average electricity
price (P2) of $0.0932/kWh, the price difference is $0.0491/kWh. The corresponding carbon
trading price to let P1 and P2 equal is calculated as:
$0.0491/kWh $ $0.11087/kg = $110.87/ton
442.86gl/kWh
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$7,793,381.39Total initial capital investment ($)
This price is still about 5 times higher than current carbon trading price in EU and about
2 times of the predicted price in 2016.
7.3.6 Summary
In conclusion, the final cost ($0.2849/kWh) those private EV users have to bear for using
electricity generated from the SSEGS-ES system built in IMM building is too high to be
accepted by the consumers. With the "best case" analysis in which there is government's
financial support and energy storage system is excluded, the price of electricity from solar PV
panels ($0.1423/kWh) can match the highest historical electricity price in the past five years in
Singapore. Therefore, only with gas-generated electricity price above $0.1423/kWh, the solar-
generated electricity will be more attractive to private EV users. Furthermore, this conclusion is
drawn based on the assumption that the electric vehicles can only be charged at car parks when
there is sunlight available. Sometimes, this might not be the most convenient to EV users.
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7.4 Grid-tied PV-EV System (GPES) for Large Scale Solar Electricity Generation
in Singapore
7.4.1 Background
To promote environmentally friendly transportation in Singapore, the economics of
transportation with Electrical Vehicles (EV) has been studied (please refer to Fu's thesis, which
includes the BEV model for taxi system and PHEV model for private vehicles). As more than 97%
of the electricity generation in Singapore is currently from non-renewable energy resources
which mostly consist of natural gas and fuel oil [87], green electricity generation model based
PV systems has been analyzed with the fact that solar energy is relatively abundant in tropical
Singapore. It has been shown that with government rebate of less than 35% of the total system
cost (capped at 1 million SGD), a PV system in its current stage of technical development with a
capacity larger than 70kW can be a profitable investment, under the present government policy
of equal electricity pricing.
In order to determine the economic feasibility and environmental benefits of feeding solar
electricity to EVs, solar PV integrated EV charging system shall be modeled and evaluated.
The first model of the PV-EV system is built in a car park as a standalone system where
solar panels are installed on the roof-top of the car park and charging spots are built around the
parking lots. This model has been evaluated in previous sections as the Car Park Charging
System (CPCS) model.
The second model of a PV-EV system is to build a large scale grid-connected PV system
which feeds electricity to the grid at the electricity wholesale price. The EVs will get electricity
directly from the grid. The objective of such a model is to determine whether it is economically
feasible for an operator to install a large scale PV system whose electricity output can offset the
electricity consumption of all private electrical vehicles (PHEV). The following analysis will be
dedicated to this Grid-tied PV-EV System (GPES) model.
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7.4.2 Methodology
In the GPES model, an aggregate roof-top area of state developed buildings is estimated,
which will set an upper limit for the total area available to install PV panels as one integrated
system by a single land use license. As electricity cost from larger systems is generally less than
that from small systems due to price discount or minimal incremental cost, a system based on
such an area will be calculated. The size of the area required to be able to charge all the EVs in
Singapore will also be estimated and compared with this area upper limit to see how many EVs
such a system can support. A feasible system based on practical restrictions will be determined
and discussed in detail.
With such system estimation, the cost of electricity in terms of $/kWh will be calculated.
This Grid-connected unit cost (Pg) will be compared with the utility Wholesale electricity price
(Pw) and the conventional Combustion Engine vehicle (Pce). Similarly with the standalone
CPCS model, the price comparison will enable us to determine the EV users' acceptance level as
well as the economic feasibility of such a system with and without government incentives.
Polices can also be suggested to promote such a system.
7.4.3 Assumptions
The following assumptions are made in the detailed evaluation of the GPES model:
(1) The solar panel specifications used in this analysis is based on the CdTe thin film
modules evaluated in Sun's thesis. The capital cost modeling of building such a solar PV system
is also obtained from that thesis.
(2) The specifications of EV batteries and charging parameters are obtained from Fu's
thesis on EV battery evaluation. Based on his thesis, it is assumed that Plug-in Hybrid Electric
Vehicle (PHEV) is the most suitable model for private transportation-in Singapore. Herein,
PHEV is used together with the GPES model as the model is based on private cars. The PHEVs
are assumed to charge only once per day.
(3) The PV system is estimated to be able to operate for 20 years. An initial capital
investment is assumed where changing of parts with lifetime shorter than this operation time will
166
be discounted back to the Present Value (PV). Thus Net Present Values (NPV) of revenue and
cost will be used for comparisons. The investment interest rate is set at 1% and the inflation rate
is assumed to be zero in Singapore for discounting purposes. The lump-sum capital investment is
taken from a bank loan with annual interest rate of 10%. The loan is paid back with equal annual
installment for the next twenty years. The annual installment is likewise discounted back to the
present value.
(5) The installation area will be leased by the government to the GPES operator for an
annual royalty fee. The operator will install this solar PV system and sell electricity to the grid
for revenues. The operator can be any individual or corporation or any other kind of investors.
7.4.4 Cost Model
7.4.4.1 Total Available Area Estimation
The largest portion of the state owned land area is used for residential and commercial
developments. As the Housing Development Board (HDB) residential blocks are standard
government-built buildings which have roofs that are mostly non-shaded due to the multi-storey
height, it is reasonable to take all the HDB roof areas as an aggregate unit to estimate the
maximum allowable roof-top areas of the PV system.
According to the Housing Development Board, the total number of residential units under
HDB's management is 885, 140 as of 31 March 2008 [88]. Based on an average of 15 residential
floors for each HDB block with 6 residential units on one floor, the total number of units per
block is 90. Thus the number of blocks in total is around 9,835. It is further assumed that there is
one multi-storey car park every 4 HDB blocks of residence and such a unit has an estimated area
of 3870m2. Taking into consideration of the car park shading and the non car park integrated old
buildings, half of the car park area can be used, which gives an average area of 3225m2 for the
4HDB-Carpark unit. Thus with 9,835 blocks, the total number of such unit is around 2,459. The
total available area is thus estimated to be around 7.93km2. The detailed estimations are shown in
Table 7.10 and Table 7.11.
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No. of 4-room flat I No. of 5-room flat I
Standard Area(m2)
Flat Floor Area(m2)
110
560
Car Park Roof Area (m2)
Table 7.10: Average Area Estimation for an HDB-Carpark Unit
Total area (m2) I 7929379.17 I
Table 7.11: Total Available Area Estimation for the GPES Model
7.4.4.2 Area Requirement for the PV System to Charge All Private PHEVs
The PHEVs are driven by advanced Li-ion batteries which can be plugged into any
normal power socket that provided 240V AC power supply. The characteristics of the model of
Li-ion batteries are elaborated in Fu's thesis and reference [82], as shown in Table 7.12. To be
consistent with the previous models, the charging efficiency is assumed to be 90%.
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Till 31-Mar-08
Residential Floors per HDB block 15
Number of Units per Block 90
By the end of 2007, total number of private cars in Singapore is 451,745[89]. If all these
cars are replaced by PHEVs or a 100% market penetration, then the total charging energy
requirement for one day will be 8.8kWh*451,745/90%, which is 4,417.06 MWh. As the solar
panels are at a 10% efficiency with an 20% system loss for a grid-tied PV system, the energy
production per day from lm 2 solar panel is 1000W/m 2*10%*80%*4 peak hours, which is
0.32kWh. Thus the area needed to output 4,417.06 MWh of energy per day with a 90% panel
overhead is 4,417.06 MWh/O.32/90%, which is around 15.41km2 . The details are shown in Table
7.12. As this area is more than twice the total available area of 7.93km2, the GPES system based
on HDB residential unit is only able to supply around 51.4% of market penetration.
Charaing Time (hrs)
Solar Module Efficiency 10%
Total energy per day per m of panel 0.32
Number of private cars 451,745
Total no. of PHEVs 451,745
Panel area needed (m ) 13,872,595.72
Total area needed (mZ2 15.413.995.24
Table 7.12: Total Required Area Estimation to All Private Cars (PHEV)
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7.4.4.3 Electricity Cost Estimation
Based on an available roof area of 7.93km2 , with the same grid-connected model that was
discussed in Sun's thesis for the HDB-Carpark residential model, the total production capacity is
as high as 568MW. The cost of such as system is more than 2.88 billion Singapore dollars. The
electricity cost is estimated as US $0.121/Wp or S$ 0.174/Wp, as shown in Table 7.13.
Cost Calculation Percentage Cost
DC/AC Inverter Cost ($) 392,367,102.35 19.60%
NPV of Maintenance and Licensing Cost 11,529.10 0.00%
IUSD-SGD Exchange Rate 1.44
I installed cost Der watt (USD-SGD/WD) I 4.U4
Table 7.13: Total Cost Estimation of a Grid-tied HDB-Carpark PV System
In terms of percentage cost as shown in Figure 7.15, the module cost is the highest part of
cost that accounts for 71.3%, which is reasonable for such a large scale grid-connected system.
Again the next big component is the inverter cost which is 19% in this case. The maintenance
cost is almost negligible due to the size of the system. Even when the maintenance cost is set as 1
million USD per annum, its share of percentage cost is still minimal, as shown in Figure 7.16.
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9.0909%
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Figure 7.15: Relative Percentage Cost of GPES
Relative Component Cost
NPV of
Installation Cost Maintenance and
Licensing Cost ($)9.0097% 0.8936%
DC/AC Inverter
Cost ($)
19%
Figure 7.16: Relative Percentage Cost of GPES with High Percentage of Maintenance
Cost
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7.4.4.4 Analysis for a Practical System of 50MW Capacity
Though Singapore has such a potential to achieve more than 568MW capacity, however
there is a limit for the amount of power to inject into the grid in order to avoid grid stability and
reliability issues. In Singapore, the regulations on grid transmission are set by Energy Market
Authority (EMA), which acts as the Power System Operator (PSO) of Singapore. In the latest
version of the Electricity Market Rules published on 1 July 2009, there hasn't been specific
documentation of non-regulated electricity such as solar electricity or wind [90]. Thus, the
electricity feeding limit to the grid is set as 50MW which is the amount currently required for
general grid reliability[90] with a peak grid transmission level of around 6GW and a generation
capacity of around 9.775MW [71].
a. Electricity Cost Estimation
Based on the grid-connected PV system analyzed before, the area needed for 50MW
capacity is around 697,900 m2 . As the area is around 100 times larger than the area increase
compared with the grid-tied HDB-car park model from Sun's thesis, the maintenance cost per
annum is assumed to 100 times larger as well, which is shown in Table 7.14.
Maintenance and Licensing Cost
Licensing cost ($/Year) 138.89
NPC Cost over life time ($) 904,783.98
Table 7.14: Maintenance and Licensing Cost
For such as system, the electricity cost does not change much as compared with the
previous case, shown in Table 7.15. The total capital cost is now around 177 million US dollars
or 255 million Singapore dollars. Among all the cost, the module cost is still the largest part as
shown in Figure 7.17, which is the general case for grid-connected systems.
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Percentage Cost
DC/AC Inverter Cost ($) 34,533,977.37 19.5023%
NPV of Maintenance and Licensing 904,783.98 0.5110%
Cost ($)
USD-SGD Exchange Rate 1.44
Total Cost (USD-SGD) I $177.076,359.09 $254,989,957.08
tricity Cost (USD-SGD/kWh)
Table 7.15: Cost Estimation for a 50MW Generation Capacity
Figure 7.17: Relative Percentage Cost of GPES with 50MW Capacity
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Relative Component Cost
NPV ofinstallation Cost
Maintenance and
9.0445% Licensing Cost ($)
0.5110%
19%
b. Revenue and Profit Estimation
The average electricity wholesale price is at US$0.109/kWh or S$ 0.157/kWh and it will
be used for revenue estimation. As the yearly energy production is around 72,996,890 kWh, the
yearly revenue will be around 7.96 million US dollars (72,996,890 kWh x $ 0.109/kWh) or
11.46 million Singapore dollars. Discounting the 20 years' revenue back to the present value, the
Net Present Revenue is 145.06 million US dollars or 208.88 million Singapore dollars.
Deducting the cost of 177.08 million US dollars or 254.99 million Singapore dollars, there is
already a net loss without financing the capital investment. The details are shown in Table 7.16
Government Rebate 0.00%
USD SGD
Revenue 145055128.44 208879384.96
Table 7.16: Revenue and Profit Estimation
7.4.5 Economic Feasibility Analysis and Environmental Benefits
a. Investment Evaluation for the Solar Operators with Government Rebate
As this system is not profitable, it is not considered as a good investment without
government incentives. Considering the government rebate, it is found that if the government
offsets 18.08% of the initial cost (37.77 million Singapore dollars), the investment will
breakeven, as shown in Table 7.17. If consider financing the initial total capital cost of 177.08
million US dollars (254.99 million Singapore) with a loan from bank at an interest rate of 10%,
the annuity payment will be $20,799,322.69 US dollars, The Net Present Value of all annuity is
calculated as $474,124,804, which is the actual capital cost. With this amount of cost, the
government rebate has to be increased to 69.41% to breakeven.
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Government Rebate 18.08329%
USD SGD
Revenue 145055128.44 208879384.96
Table 7.17: Government Rebate to Breakeven
To evaluate whether the investment is profitable, we also have to compare the gain from
this PV system with other type of investments. With the 1% interest rate assumption, an
investment return of 1% from the capital investment is the Opportunity Cost 29. The case without
external financing will be first considered. Thus based on the capital investment of US$145
million or S$ 208.89 million after the 18.08% government rebate, the Net Present Value (NPV)
of the yearly return is US$26.2 million or S$37.7 million, as shown in Table 7.18. With zero
profit from this investment, there exists a loss of an opportunity investment profit of 37.7 million
Singapore dollars, so the investment in the GPES system proves to be non-profitable. For this
system to be economically feasible, the government rebate has to be increased to 30.61% of the
initial cost (54.16 million Singapore dollars) in order to make the GPES system a profitable
investment. As shown in Table 7.19.
However, in the case, with external financing support from the government, the
economical profitability model is no longer valid, as the operator does not own this amount of
money, thus cannot make investments with it.
29 Opportunity Cost= the Cost of the Second Best Alternative
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USD-SGD Exchange Rate 1.44
Capital Investment ($) 145,055,127.55 208,879,383.67
Net Present Value Rate for 20
Years ($) 18.05
Table 7.18: Opportunity Cost Calculation with a Breakeven Government Rebate
USD SGD
Revenue ($) 145,055,128.44 208,879,384.96
Interest Rate 1.00%
NPV of Return from Capital Investment ($) 22,174,490.58 31,931,266.43
Net Economic Profit ($) 0.09 0.13
Table 7.19: Government Rebate to be economically profitable
So far we have estimated the government rebate required to make the GPES system to
breakeven and be economically profitable with or without external capital financing. Currently,
the government rebate policy for solar PV system is stated by EDB in the solar capability scheme,
which gives a rebate of 30 to 40% of the total capital investment, but capped at 1 million
Singapore dollars [91]. As the above cases all require 10s of millions Singapore dollar rebate, the
GPES system will not be an economical investment at the current stage of technical development.
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b. Investment Evaluation with Electricity Price Commission
Now let's consider the case in which the government gives a clean energy electricity
commission and buy the PV electricity fed to grid at a higher price.
Without external financing of the US$177 million capital cost, the price for the solar
electricity sold has to be US$0.133/kWh or S$0.192/kWh in order to breakeven, as shown in
Table 7.20. Similarly with previous cases, to make it economically preferable as compared with
the alternative investment, the price has to be US$ 0.158/kWh or S$ 0.227/kWh, as shown in
Table 7.21. The profitability versus electricity price is plotted in Figure 7.18 and we can see the
crossover points at the nominal profitability line and the economic profitability line which
correspond to the cost breakeven and economic profitability breakeven points, respectively.
Government Rebate 0.00000%
Revenue ($) 177076359.41 254989957.55
Table 7.20: Price Commission to Breakeven
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USD SGD
Electricity Price (/kWh) 0.158 0.227
Government Rebate 0.00000%
Total Cost 177076359.09 254989957.08
Revenue 209030768.00 301004305.93
Profit 319544 08.92 46014348.84
Capital Investment 177,076,359.09 254,989,957.08
Interest Rate 1.00%
NPV of Return from Capital 31,954,408.17 46,014,347.76
Investment
Net Economic Profit 0.75 1.08
Table 7.21: Price Commission to Be Economically Profitable
Profitability with Electricity Price
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Figure 7.18: Profitability of GPES VS Electricity Price
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c. Electricity Price Sensitivity with System Size
All the above analysis has been based on the 50MW capacity. As the electricity price of a
grid tied system is related to its size, the size dependence of electricity price is plotted in Figure
7.19. As we can see that electricity price drops fast within the first 30 to 40MW size range, once
it increases to above 100MW, the electricity price will stabilize at around US$0.12 1/kWh.
Electricity Price Versus System Size
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Figure 7.19: Electricity Price Vs System Size for a Large Scale PV System
d. Carbon Dioxide (COz) Emission Reduction
From the above analysis, it is apparent that the electricity generated from a large-scale
grid-tied PV system in Singapore is still too expensive without any government incentives. It
will be not able to compete with current grid electricity price which is at almost half of the PV
electricity cost. PV electricity thus will not be attractive to PHEV users at current stage of
technical development of PV systems.
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However, the main advantage of solar electricity lies in its clean and renewable resource.
And it is environmentally friendly with zero emission as compared to the current grid electricity
which is mostly generated from non-renewable fossil fuel resources such as nature gas and oil.
With global environmental concerns as one of the most important issues in the world,
every government has the responsibility to reduce green gas emission, among which CO 2 is a key
component. To ensure global environmental sustainability in the long term, restriction on CO 2
emission shall also be put forward by the Singapore government. As mentioned in the previous
Car Park Charging System models, this can be done in the form of carbon credit trading system.
Same as before, the environmental benefits of grid-tied PV electricity shall be analyzed based on
the carbon trading system mentioned previously.
As the carbon intensity of the current grid electricity is 434g/kWh, and the price of
electricity from the 50MW GPES is US$0.1213/kWh, and the utility (gas-generated) average
wholesale electricity price is US$0.1090/kWh, so the price difference is US$0.0123/kWh.
Similarly, to bridge this price gap, the CO 2 emission per kWh of gas-generated electricity needs
to be charged. The unit carbon price is therefore:
$0.0123/kWh $0.02834/kg = $28.341/ton434.0g/kWh
Hence, in order to let the large-scale grid-tied electricity's price be competitive with the
utility electricity's price, the breakeven trading price of CO 2 should be $28.341/ton, which is
lower than a stand-alone model in which a storage system is required. This price is about 33%
higher than the current carbon trading price in Europe (-$21.30/ton [85]), but is much less than
the predicted price in 2016 (-$56.83/ton [86]). Therefore, solar electricity from a large-scale
grid-tied tied PV system can be competitive with the utility electricity in the near future. By then
the XEVs can have the option of charging green electricity and thus resulting in a green transport
system in Singapore.
180
7.4.6 Summary
To summarize, in the 50MW Grid-tied PV-EV Electricity System (GPES) presented
above, the cost of S$0.175/kWh is still too high for solar electricity to compete with the current
gas-generated utility electricity at a wholesale price of S$0.157/kWh without any government
incentives. As the cost of such a system is around 255 million Singapore dollars, even with the
maximum government rebate of 1 million Singapore dollars (US$694,444.44 at 1USD=1.44SGD)
at present, the change to the electricity cost per kWh is insignificant due to the huge base size.
However, if the government is willing to bear an electricity price commission to offset the
additional cost, or force a higher buying price to the grid at S$0.192/kWh (US$ 0.133/kWh),
which is S$0.035 higher than the current S$0.157 electricity wholesale price, the PV electricity
can be competitive with the current utility electricity price at its current stage of technical
development.
Without government incentives, the PV electricity cost can be offset by some amount
through carbon trading system. It has been found that a $7.0/ton on top of the current carbon
trading price (-$21.30/ton) is required to offset the difference between PV electricity cost and
the current utility electricity wholesale price. Based on the carbon trading price trend, we foresee
the competitiveness of electricity generated from large scale grid-tied solar PV system. Electrical
vehicles can then run on green electricity to promote a green transportation system in Singapore.
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7.5 Concluding Remarks on the Implementation Models
Based on the four implementation models, a few concluding remarks can be drawn about
the prospects of the green technologies evaluated in this Team Project.
7.5.1 Environmental Benefits
The main cause of implementing XEVs lies in its environmental benefits.
As shown in the Swapping Station Model, a BEV taxi can reduce 25-31 tons of CO 2
emission every year. A penetration of 5% into the taxi market (a total of 1,250 BEV taxis) would
mean at least 31 kilo tones of CO 2 reduction. This reduction can be further increased to more
than 38 kilo tones, nearly 0.1% of the total CO 2 emission in Singapore, if renewable energy is
used to power up BEVs. Of course, at higher BEV taxi penetration rate, the environmental gains
will increase further. From the Private Car model, a PHEV user who drives 40 miles a day is able
to achieve 3.0806 tons of CO 2 reduction per year. Since private car sector is the largest in the
automobile market in Singapore, replacing gasoline cars with PHEV for private car users is a key
to the CO 2 reduction in transportation sector.
XEVs are still at its early stage of development. It is expected that these "green" cars'
fuel efficiency will be continuously improved along with the booming green vehicle industry. At
the mean time, the rapid development of PV technologies could also lead to PV panels of higher
efficiencies at lower cost. As a result, these environmental gains of XEVs and the XEV plus
renewable energy system can be further enlarged in the near future.
7.5.2 Political Benefits
Politically, with a XEV system in place, Singapore can demonstrate to the world its
determination to reduce the absolute carbon emission in order to meet the Kyoto Protocol
requirement.
Singapore has a high CO 2 emission per capita, reflected by its high energy consumption.
Figure 7.20 shows the energy consumption per capita for a few selected countries including
Singapore. This graph is plotted based on statistics from Energy Information Administration
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(EIA)'s International Energy Statistics and International Energy Agency (IEA)'s Key World
Energy Statistics 2008 [92]. The large difference between these two sets of data for Singapore is
mainly because that the former takes into account of energy consumed by marine bunkers at the
Singapore port. Nevertheless, both data suggests that as an oil refining center, this small island
country has a high energy consumption rate per capita, which is at the same level as other
developed countries.
Singapore is one of the Annex-B countries in the Kyoto Protocol. Therefore, Singapore
does not hold any imperative obligation in reducing its absolute GHG emission as compared to
countries in Annex-A list in the first phase before 2012. However, the high GHG emission has
brought much pressure to Singapore. BEV system, on the other hand, will help improve the
image of this highly industrialized city state, and demonstrate the government's resolution
towards environmental conservation.
Energy Consumption Per Capita for Selected Counties in 2006 (toe/capita)
* Energy Information Administration (EA)
a Internadonal Energy Agency (lEA)
Singapore US Australia Finland Japan UK World
Figure 7.20: CO 2 Consumption Per Capita for Selected Countries in 2006 [92]
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7.5.3 Social Benefits
Socially, implementing XEV system helps to raise the awareness of environmental
conservation and it also helps Singapore to maintain its status being a green and clean city in the
world.
The low noise level of XEV compared to conventional cars can greatly enhance people's
driving experience, reduce noise pollution in city areas and project an environmental-friendly
image of Singapore to the world.
7.5.4 Economical Barriers
Implementing XEVs requires a large amount of upfront capital cost as compared to
gasoline cars. Government incentives are necessary to help introduce XEVs into the Singapore
market. However, the largest barrier also lies in its high capital cost.
While the government incentives are essential for implementing XEVs, however, the
Singapore Government does not reap many economic benefits from this system. Firstly, the
major cost of XEV systems is from battery. Battery suppliers are mainly from Japan, Korea, and
U.S. In Singapore, there is rarely any industry directly related to battery manufacturing.
Secondly, one important consideration to promote XEV in U.S. is to save its automobile industry.
Unfortunately, Singapore does not have its own automobile industry either. All cars in Singapore
are imported from other countries. Moreover, while construction of battery swapping station can
possibly create some employment opportunities in Singapore, the major cost in these stations is
from the battery swapping mechanics, which are likely to be manufactured in other countries.
Lastly, the operation of battery swapping stations is developed towards an automated system.
This is to minimize staffing cost and make the process more convenient for XEV drivers.
However, such operation requires very little manpower, thus does not create many employment
opportunities in Singapore.
In the development of solar industry in Singapore, so far there is no policy in place to
specify a certain percentage of electricity which must be from the renewable energy by a certain
time. There is no sign showing that the government will provide feed-in-tariff for solar electricity
as well. Instead, the government emphasizes that "energy cost should be borne in full by end-
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users", because the government believes that subsidization would "dampen price signals and
create the incentives to over-consume" [93]. However, the solar electricity is still too expensive
to be accepted by most users at its present price level. The estimated present price level of
S$0.175/kWh is based on the cost effective large-scale grid-tied PV system at its state of the art
technology.
It appears that the Singapore Government puts more focus on growing the industry to
create more employment opportunities and generating revenue, rather than emphasizing the PV
application in Singapore. Therefore, a large-scale deployment of PV probably will not happen in
the near future. It is more likely that the government will wait for the cost of this technology to
come down.
7.5.5 Summary
In a nutshell, despite environmental, political and social benefits, currently the high cost
of XEVs system prevents it from entering the Singapore market easily, as the government
support is not strong enough. Under current policies, battery swapping model and private car
model are not cost-effective compared with their gasoline counterparts. However, this situation
would change if gasoline price goes up, or if the government taxes the CO 2 emission.
$70.21/ton CO2 price is necessary to make the cost of BEV taxi system competitive to
that of gasoline taxi system. With increasing CO2 trading price, it is highly possible to see BEV
taxis running on the road in next ten years. On the other hand, $378.3445/ton CO2 price is
needed for PHEV to breakeven. This is 17.5 times of the current CO 2 trading price in the EU. As
the private cars contribute the most CO2 emission in the transpiration sector and PHEV fits the
needs of private users well, further rebate must be given for PHEV to be accepted by
Singaporean drivers.
Solar energy could provide "clean" electricity for the XEV system and maximize its
environmental benefits. Currently only a few trial sites are built to study the feasibility of roof-
top PV in Singapore, and a long time into the future is required for PV electricity to be
competitive with utility electricity.
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With energy storage system, the electricity generated from solar energy can have better
quality and longer available usage time (not only during sunny daytime.) However, the cost of
solar energy and storage system at present level is still too high to be generally accepted in
Singapore. Again, it is expected that with increasing oil price volatility and reduced technology
costs, solar energy with storage system can start to have its market niche in the future.
In the best scenario, XEV, solar PV and storage technology will become mature during
the same period. A combination of them would generate the maximum benefits. For example, a
total of only 1,250 BEV taxis running on solar electricity can save about 38 kilo tons of CO 2 per
year.
However, if the oil price rises rapidly within a short period, it is possible to have a XEV
system relying on fossil fuel generated electricity. In this scenario, these 1,250 BEV taxis can
still reduce the CO2 emission by 31 kilo tons every year, as compared to gasoline cars. Before
that, the best way in reducing CO 2 emission from the transportation sector is probably promoting
the public transport.
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CONCLUSION
In this project, we have briefly reviewed the car, energy and solar energy (electricity)
market in Singapore. Firstly, while the car population in Singapore is strictly under control by
the government through various policies, the car demand remains strong in Singapore. Seeing the
positive environmental impacts of green vehicles, the Singapore government has introduced
"green vehicle rebate" to encourage the growth of green vehicle industry in Singapore. Although
the total quantity of green vehicles remains small, the growth rate in recent years has been quite
significant. For example, the number of hybrid cars has almost doubled from 1,057 in Year 2007
to 1,999 in Year 2008. Secondly, it is noticed that Singapore relies heavily on natural gas
imported from neighboring countries for its electricity generation, which consists of nearly 76%
of its electricity fuel mix. Hence, Singapore has an urgent need to diversify its electricity mix.
On the other hand, its total installed electricity generation capacity of about 10 GW is almost
twice of its peak demand. This excess power generation capacity can potentially provide
electricity for the XEV system. Lastly, the government is also heavily investing in solar industry.
While most of photovoltaic panels made in Singapore are for export, the government is
investigating the application of building integrated photovoltaic (BIPV). This renewable solar
energy can be another source of electricity generation. It can also provide "green" electricity to
the XEV systems to make these vehicles truly "green".
To further understand the economics and feasibility for generating renewable energy,
both photovoltaic and solar thermal technologies are investigated.
For photovoltaic systems, it is found that at the current stage of technological
development, the costs of modules and inverters take the largest part of the total system cost.
Among all types of solar cell and module technologies, crystalline Si based PV technology has
the best performance in terms of efficiency and system reliability, while thin film technologies
have the lowest cost. Among all types of in-market thin-film technologies, the CdTe thin film
modules from the First Solar have the best efficiency to cost ratio, even when operating in land-
scarce Singapore where cell temperature can reach as high as 600C. Thus CdTe module from
First Solar has been used for the PV system analysis. With the rest of the components assumed to
be at their latest state of technical development, it is found that for a large-scale PV system
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CHAPTER 8.
deployed at HDB roof-top, the solar electricity cost is around S$0.174/kWh, which is not cost
competitive as compared with the average utility wholesale electricity price (during sunny
daytime) of S$0.157 dollars. If carbon trading is considered, PV systems' zero carbon emission
advantage would enable it to gain additional profit to offset its cost. It is found that the current
carbon trading price of $21.30/ton in the EU has to be increased by $7 to $28.34/ton to offset the
price difference between solar electricity and utility electricity. With the current trend of price
increase for carbon trading, we foresee the competiveness of large-scale grid-tied solar electricity
in the near future.
It is also found that concentrating solar thermal technologies is not suitable for Singapore.
Firstly, in a concentrating solar power (CSP) system, only direct normal insolation can be
focused to solar receiver and transformed into thermal energy. This thermal energy is used to
generate steams and drive a conventional turbine motor to produce electricity. However, in
Singapore, about 40% of its daily radiation belongs to diffuse radiation; only an average of
2.4 kW/m 2 direct normal insolation (DNI) is available daily. On the other hand, to make CSP
systems economic, usually a daily DNI of 6 kW/m 2 is required. Secondly, CSP plants occupy a
large area to collect solar radiation. Even though parabolic trough power plants require the
minimum land areas among all CSP plants, Nevada Solar One - a newly built 64 MW parabolic
trough plant - takes up a vast area of 1.6 km2 . It is impractical for Singapore to have such a large
area just for building a power plant because of its limited land. These two factors make the
concentrating solar power technology unsuitable for the Singapore market. Instead, BIPV may be
a good option for Singapore to havest solar energy. Nevertheless, CSP plants, especially the
parabolic trough power plants, still have a huge market in sub-desert or desert areas with rich
DNI, such as south-western US and Mediterranean countries. In recent years, significant
progress has been made in the research field related to parabolic trough technologies, such as
receivers with better optical efficiency, solar mirrors of lower cost, and heat transfer fluid
operating at higher temperature. All these efforts have been continuously bringing down the cost
of solar electricity. Parabolic trough power plants will play an important role in the large scale
central power generation in its niche market.
Since battery will be the most critical part for electrical vehicles, lithium ion battery
technologies are examined in order to choose one specific battery technology to meet the
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technical specifications. It is found that both manganese and phosphate based lithium ion
batteries are potentially suitable for XEVs. With higher durability and lower cost, LiFePO4
battery is expected to have higher utility for XEVs.
Large-scale energy storage system using flow battery technology, more specifically the
vanadium redox flow batteries (VRB), is also evaluated together with other technologies
mentioned above for integrated implementation models. Flow battery is known for its decoupled
energy and power management, and its scalability for various application requirements. Though
its energy density and power density may not be as high as its competitors, such as NaS and Li-
ion systems, its relatively low unit cost in terms of $/kWh, extended lifecycle and convenient
O&M make it one of the few fast growing electro-chemical storage technologies in the market
today.VRB is one of the most promising candidate in the flow battery family meeting the future
demand, mainly because of its electrolyte's high resistance to crossover contamination,
environmental friendliness and decreasing unit capital cost. However, based on the models
presented in the Team Project, implementing flow batteries system for large-scale energy storage
in Singapore is still not financially viable at present. The main obstacle is the cheap energy
(electricity) cost in Singapore. On the other hand, with increasing gas price volatility and more
government support for environmental conservation (such as carbon credit trading), also with the
improved flow battery performance and decreased unit capital cost, large-scale energy storage
will become the soon-to-be "sun-rise" market in Singapore.
Based on these findings, four different models are built and evaluated. In the first model,
battery electric vehicle (BEV) is identified as a suitable candidate to replace gasoline taxi
because it offers reduced CO2 emission, and lowered noise level especially in a long driving
distance. This BEV taxi system will be implemented together with battery swapping stations as
supporting infrastructure. From the economic analysis, it is found that based on the average
electricity and gasoline price from 2005 to 2009 ($0.093/kWh for electricity and $1.86/gallon for
gasoline), the cost per mile for BEV and gasoline car is $0.217 and $0.199, respectively. To
bridge this price gap, a carbon tax of $70.21/ton is required to be placed on gasoline taxis. On the
other hand, when the gasoline price rises above $2.4/gallon, BEV taxi will become more
competitive than gasoline taxi in terms of cost per mile. Furthermore, each BEV taxi can help to
reduce about 25 tons of CO2 emission every year. This reduction can go up to 35 tons if the
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electricity is generated from renewable source instead of natural gas fired power plant. Therefore,
if all the gasoline taxis are replaced by BEV taxis, a total of 855.61 kilo tons of CO2 reduction
can be achieved. This will be about 2% of the total CO 2 emission in Singapore (40, 377 kilo tons
in 2005).
In the second model, PHEV is found to be suitable for private users for its acceptable up-
front price, less CO2 emission and lower operation cost. By using the same gasoline and
electricity prices as in the first model, the model has shown that the cost of PHEV is still higher
than that of gasoline car under current Green Vehicle Rebate scheme. In order for PHEV to be
cost equivalent with gasoline cars, a CO 2 trading price of $378.34/ton is needed and this is 17.5
times of the current CO 2 trading price ($21.6/ton) in the EU. Hence, PHEV is unlikely to be
adopted by private users unless more incentives are given by the government.
In the third model of car park charging system (CPCS), a stand-alone solar (PV)
electricity generation system with energy storage is built for a car park charging system (CPCS)
in a large shopping complex in the south-western Singapore. The objective of such CPCS is to
help increase the electric vehicle penetration and make those EVs "greener" in Singapore. Based
on a cost model of making full use of the available roof-top area for solar PV panels (>34,000m2)
and charging electric vehicle at maximum electricity storage capacity (2.5MW, 10MWh), the
final electricity cost from the CPCS is about $0.285/kWh. This is about three times of the
average gas-generated electricity price in Singapore from 2005 to 2009 ($0.093/kWh). In order
to make the CPCS-generated electricity cost equivalent to gas-generated electricity, carbon credit
should be awarded and the calculated breakeven CO2 price is about $432/ton. This figure is
about 20 times of the current carbon trading price in the EU and 8 times of the predicted price in
2016. A "best case" is also carried out in which the energy storage system is excluded and
government's financial aid is considered. The final result shows that only with gas-generated
electricity price above $0.1432/kWh, could the CPCS become economically feasible. However,
the trade-off in the "best case" would be the less availability of electricity when there is no sun-
light available.
In the last model of a large-scale grid-tied PV-EV electricity System, the economic
feasibility of building a 50MW large-scale grid-connect PV system with the state of the art
technology on the top of HDB roofs has been considered. The total area required for such a
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system is 697,900m 2 and the cost is around 255 million Singapore dollars. The cost of electricity
without any government incentives is around US$0.121/kWh or S$0.175/kWh, higher than
utility electricity wholesale price at US $0.109/kWh or S$0.157/kWh. If considering the
maximum government rebate of 1 million Singapore dollars, the change to the electricity cost per
kWh is insignificant due to the huge base size. However, if an electricity price commission is
given to solar electricity either by the government offset or by a forced higher buying price from
the utility, the price of the electricity only needs to be increased to US$0.133/kWh or
S$0.192/kWh to make such a PV system profitable. To make the system economically viable, it
has been found that an electricity price of US$0.158/kWh or S$0.227kWh is required. If carbon
trading is also considered which can be used to offset part of the cost, there needs a US$7/ton on
top of the current carbon trading price in the EU to make the system profitable, which is
foreseeable in the near future based on the current price trend.
From the economic analysis on different XEV models, it is found that at current stage,
strong government incentives are necessary to implement XEV system. However, the
government seems quite lukewarm about the XEVs. This is most likely because that there is no
car and battery industry in Singapore. Heavy investment in XEV system does not necessarily
stimulate the economy much. In addition, as an Annex-B country in Kyoto Protocol, the pressure
on CO2 reduction is not desperately urgent for Singapore. In addition, the relatively small
reduction of CO 2 by implementing XEV systems does not provide enough driving force for the
country to adopt green vehicles on a large scale. After all, promoting public transport offers
another economical alternative for the government. From the Tie-to-Grid model, it is also found
that solar PV electricity is still not cost competitive with the current utility price at its present
stage of technical development.
While a few trial sites have been built to test the feasibility of roof-top PV in Singapore,
it is believed that Singapore is still waiting for PV price to further drop down before a large scale
deployment. Air-conditioning seems a good usage for this renewable energy, before the XEV
systems are implemented.
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APPENDIX
Cost Model of VRB System
I VRB System Capacity and Parameters I
Discharge Duration (hours) 1 8 I
Energy Efficiency (E_out/E_in) 75% 1
AC Voltage Output (V) I 240
I Power Capacity-Dependent Costs
Cell Stacks
Number of Unit Cells in Stacks 220
Ion-exchange Membrane
Total area (m2)
Total cost of membrane ($)
Area per unit cell (m2)
Price per unit area ($/m2)
Cost per unit power ($/kW)
Carbon Felt Electrode
I Two electrode surface area in a unit cell (m2)
Price per unit area ($/m2)
$30,800.00
$50.UU00
$48.40$48.40
$15.00
199
Cost per unit power ($/kW) $27.50
Electrode Manufacturing Cost
ElectFrames, Manifolds, Electrical Connection Cost (% of
15%cost)Electrode manufacturing cost ()$1,031.25
Frames, Manifolds, Electrical Connection Costs
Frames, Manifolds, Electrical Connection Cost (% of10
stack's materials cost)
Frames, Manifolds, Electrical Connection Cost per5 $19.91
unit power ($/kW)
Cell stack manufacturing cost
Cell stack manufacturing cost ($) $2,737.63
Cell stack transportation cost (% of allstacks' cost) 5%
Cell stack transportation cost (S) $2,926
Cell stack transportation cost per unit power ($/kW) $11.70
Total Cell Stack Cost ($) $61,447.44
PCS and Other Electrical Components
PCS cost per unit power ($/kVA) $200.00
Total cost of PCS ($) $70,800.00
Tranformer cos per uni poe _(,A 30.0
Other electrical component cost per unit power $25.00($/kVA)
Total cost of all electrical components per unit power $361.08
($/kW)
Pumps
200
Pump capacity per IUUKW power output
(GMP/100kW)
i otai cost oi Dump (
I Total Power Capacity-Dependent Cost ($)
I Energy Capacity-Dependent Costs I
Vanadium Electrolyte
Total Electrolyte Volume (m3)
Vanadium Ion Concentration (mol/L)
Concentration of V205 (g/L)
1 2 I
1 364
V205 Price ($/pound) 1 $4.50 1
Total cost of V205 per unit energy ($/kWh) 1 $109.75 1
Sulfuric Acid
Molar mass of H2S04 (g/mol) 1 98 I
Total mass of concentrated H2SO4 (ton) 13.132
Total cost of sulfuric acid ($) $919.24
Unit price of Water ($/m3) 0.3
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aDULU.UU
67 I
a12 Ioi.L)L
Total cost of water ($)
% of total eletrolyte materials' cost 10%
Total electrolyte processing cost per unit energy ($/kWh) i $11.02 I
Electrolyte Transporation Cost
Total electrolyte transportation cost ($) I $12,123.72 I
Total vanadium electrolyte cost per unit energy ($/kWh)
Storage Tanks
Number of tanks needed 7
Total cost of strange tanks ($) 14000
Cost per unit energy ($/kWh) 1
Unit O&M cost ($/kWh) 0.01
Total Energy Capacity-Dependent Cost ($) $270,618.20
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Total electrolyte processing cost $22,043.13
1 $20.10 1
$127.30 1
I Fixed Cost
Plant Construction, Installation & Management
Working hours per day (hours/day)
Number of construction workers
Area of storage plant buillnding (m2)
Cost of building ($) 1 $50,000.00 1
Cost of auxiliary components ($) $5,000.00
I Total Fixed Cost ($) $13,00.00 I
$564,385.64Total Capita Cost of VRB System ($)
Profit Margin for VRB Developer
Total Purchase Price of VRB System
Cost per unit power ($/kW)
10%
$620,824.21
$631.87
Capital cost per cycle ($/kWh)
Energy Capacity (kWh) 2000
Lifetime (years)
Capital cost per cycle ($/kWh) $0.0828
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10 I
50 I
I -
